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USE OF PEX IN THE TREATMENT OF METABOLIC BONE DISEASES 

BACKGROUND OF THE INVENTION 

(a) Field of the Invention 

' 5 The invention relates to the use of PEX in the _ 

treatment of metabolic bone diseases, such as osteoma- 
lacia and osteoporosis. 

(b) Description of Prior Art 

Mutations in the PEX gene are responsible for X- 
10 linked hypophosphatemic rickets (HYP) . To gain insight 
into the role of PEX in normal physiology we have 
cloned the human full-length cDNA and studied its tis- 
sue expression, subcellular localization, and peptidase 
activity- We show that the cDNA encodes a 749 amino 
15 acid protein structurally related to a family of neu- 
tral endopeptidases that include neprilysin (NEP) as 
prototype. By Northern blot analysis, the size of the 
full-length PEX transcript is 6.5 kb. PEX expression, 
as determined by semi-quantitative PCR, is high in bone 
20 and in tumor tissue associated with the paraneoplastic 
syndrome of renal phosphate wasting. PEX is glycosyl- 
ated in the presence of canine microsomal membranes and 
partitions exclusively in the detergent phase from Tri- 
ton X-114 extractions of transiently transfected COS 
*25 cells. Immunofluorescence studies in A293 cells 
expressing PEX tagged with a c-myc epitope show a pre- 
dominant cell-surface location for the protein with its 
C-terminal domain in the extracellular compartment, 
substantiating the assumption that PEX, like other mem- 
30 bers of the neutral endopeptidase family, is a type II 
integral membrane glycoprotein. Cell membranes from 
cultured COS cells transiently expressing PEX effi- 
ciently degrade exogenously added PTH-derived peptides, 
demonstrating for the first time that recombinant PEX 
35 can function as an endopeptidase. PEX peptidase activ- 
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ity may provide a convenient target for pharmacological 
intervention in states of altered phosphate homeostasis 
and in metabolic bone diseases. 

X-linked hypophosphatemic rickets (HYP) is the 
5 most common inherited disorder of renal phosphate wast- 
ing characterized by severe hypophosphatemia, renal 
phosphate wasting, reduced serum concentrations of 
1, 25-dihydroxyvitamin D levels, and defective bone min- 
eralization. Until recently, much of our understanding 

10 of HYP has been facilitated by the availability of two 
murine homologues, the Hyp and Gy mice, which exhibit 
many of the phenotypic features of HYP. Through 
positional cloning, however, a gene which spans the 
deleted region Xp22.1 in HYP patients, or is mutated in 

15 non-deletion patients with the disorder, was identified 
(designated PEX) and its partial cDNA sequence reported 
(The HYP Consortium (1995) Nature Genetics 11, 130- 
136) . The predicted human PEX gene product, as well as 
its murine homologue (Du, L. et al. (1996) Genomics 36, 

20 22-28), exhibit homology to a family of neutral endo- 
peptidases involved in either activation or degradation 
of a number of peptide hormones. It has been postulated 
that PEX metabolizes a peptide hormone that modulates 
renal tubular phosphate handling. Such an activity 

25 could involve either the processing of a phosphate- 
reabsorbing hormone precursor to its active form or the 
inactivation of a circulating phosphaturic factor. 
These speculations notwithstanding, the physiologic 
function of the PEX gene product and the mechanisms 

30 that lead to the renal and skeletal abnormalities of 
HYP remain to be defined. 

Oncogenous hypophosphatemic osteomalacia (OHO) 
is a rare acquired disorder of phosphate homeostasis 
with biochemical and physical abnormalities similar to 

35 HYP. This syndrome is associated with a variety of his- 
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tologically distinct, usually benign, mesenchymal 
tumors whose excision promptly reverses the metabolxc 
abnormalities and results in cure of the bone disease. 
It is generally thought that a factor (s) produced by 
these tumors promotes phosphaturia and inhibxts the . 
renal conversion of 25-hydroxyvitamin D to 1,25-dxhy- 
droxyvitamin D. The nature of the phosphaturic sub- 
stance remains unknown and is likely distinct from both 
parathyroid hormone (PTH) and calcitonin, two polypep- 
tide hormones known to inhibit the renal tubular reab- 
sorption of phosphorus. Because of the striking sxmx- 
larity in the clinical presentation of patients wxth 
OHO and HYP, it is postulated that the factor causing 
phosphaturia in OHO is the active form of the PEX sub- 
strate The identification and characterization of the 
putative PEX substrate, referred to as phosphatonxn 
however, will require first a better understanding of 

PEX function. 

To date, there is still a need to understand how 
local factors produced in the bone regulate bone forma- 
tion and bone resorption. Derangement of these factors 
leads to metabolic bone diseases. Pharmacologxcal 
manipulation of such factors may serve as a novel 
approach to the treatment of these disorders. 
25 it would be highly desirable to be provxded wxth 

a tool in the treatment of metabolic bone diseases, 
such as osteomalacia and osteoporosis. 
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Q TTMMARY OF THE INVENTION 

One aim of the present invention is to provxde a 

tool in the treatment of metabolic bone diseases, such 
as osteomalacia and osteoporosis. 

Another aim of the present invention is to pro- 
vide the use of PEX in the treatment of metabolic bone 
diseases, such as osteomalacia and osteoporosxs . 
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Another aim of the present invention is to nrn 
v ld e a method o f diagnostic of ™ e ^i all " 

such as osteomalacia and osteoporosis 

S encodin^^! ^T"' " ^ ^ « °™ 
mined the , fUll ~ length h ^ PE * Protein, and deter- 
tlSSUS d -tribution of PEX transcripts m 
add-on, we have examined the subcellular locaUza'tion 
of recombinant PEX protein and demonstrated 
dase activity. pepti- 

0 In accordance with the Dres^n- i m , <- • 

p-tesen>_ invention thprp 
is provided a method fnr «-k ^- nere 

bone diseases in a pat ie n t ^T^' °' 

de te rmining the iev el : f ; THr in r ? : is r s the step of 

of a b»h.„ k . a biological sample 

of a tlent „ herein an alterat . on Qf pT[jrp P 

that of a normal individual is indicative of metabol^ 
peases -/or metabolic b0 ne disease! ^! 

In accordance with the present invention there 
» provided a method for the treatment of metabolic 
bone diseases, which comprises administering to a 

corapound for the - - «^t ic 

- Prov^e/thetroftc ^ 

rax „„, » • compound for the modulation of 

ment foH t aCtiV " Y ^ <* » la- 

ment for treating metabolic bone diseases 

In accordance with the present invention there 
o „e dTs 3 meth ° d £M thS E ~ of metabolic 

Lvels thar 3 ' , 1Ch C ° mPrlSeS m ° dUla " ng P ™ «< ™rP 
levels that regulate osteoblast , activity in a patient 

to modulate bone breakdown and bone formation. 

is P rovided a r rdanCe PIeSent in - nti °" th«. 

is provided the use of modulation of PT„ and PTHrP lev- 

o metaboU 9U b fM th * — ent 

or metabolic bone diseases. 
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■4-u +-vio nrpsent invention there 
In accordance with the present 

is provided a non-human transgenic ma^al to « ,tud y th. 

l! of PEX in bone development and homeostasis, whose 
role of PEX in a ^ gene con _ 

germ cell8 and soma tic cell t consist ing - 

struct for expression of PEX « ° under 
essentially of a recombinant PEX gene q 

, rnntrol 0 f a proximal promoter of a pro an 
the control of P construct being introduced 

lagen gene, the PEX gene ^ ^ 

int o the mammal, or an .ancestor of the 

embryonic stage. preferably a mouse and 

The non-human mammal is prererau y 

nrpferablv murine pro-alt i J 
the proximal promoter is preferably fragment 

collagen gene, more preferably a 2.3 
5 thSre0f Eor the purpose of the present invention the 

following terms are ^^o^ bone peases" 

The expression metduuix^ 
includes without limitation, osteomalacia, osteoporo- 
sis, osteopetrosis and Paget' s disease. 

"° brief nr-mr-™" "» ™' DRW"' GS ' 
~ Fig. 1 illustrates PEX mRNA expressrcn in 

tUm0 " ; Fig. 2A illustrates human PEX cD„A cloned from 

25 OHO tumors (SEQ ID NOS:l-2) ; NEP 
Fig. 2B illustrates human PEX ana 
orotein alignment (SEQ ID NOS:3-4); 

P Fig 2C illustrates the TMpred output (or PEX, 

Fig. 3 illustrates PEX expression in human trs 

30 Fig. 4 illustrates a Northern blot analysis of 

^ mRW Fig. S illustrates in vitro translation of human 

PEX cRN A; 
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Figs. 6A-6B illustrate TRITON™ Y-n a , 
and immunofluorescenf , n ,r 4 extraction 

uurescent localization of PEX- 

Figs. 7A-7C illustrate HPT r a 'i • 
hydrolysis of fD-Ai^ T 5l HPLC ana lysis of the 

Ala ' Le " J enkephalin; 
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*E* i. a Cell *ta*raa.-Ji„ oelat . d Profcein 

Prevxous studies have P ^ a M • K ^ 

a„ d Ken Wood 9roup glyc :; r ; t s ^ bl ; r s e hed int that , NEP ' ECE_1 

proteins. We have „„h integral membrane 

TRITON™ x-Ui and il r raCti0n the detergent 

whether PEX \ s L ™ l0Cali ""<» "> - mi ne 

— iC at io ; s 0 ;^,\r; d — • - 

the carboy terminus S e qu e no e s of pL """"^ ^ 
human c-myc tao Th» are modi fied by a 

upstream or the potentTaT 

rupted. Protexn may proceed uninter- 

TRITON™ X-H4 j«! a h~4- 
°us solution at but . det " 9ent th " f »™ «" ague- 

a^eous phases when the te« ^ ^ 
This property has been used ^s an d " '° 
Phobic nature of protein, " « d "ator of the hydro- 
Partitioning e XC r u r st;r;' rvr r 1 membrane 

hi 9hl y hydrophilio proteins ^ IT 

Phase. TRITON™ X -u, extracts from cos 7 

sxently expressing PEX tagged ^ C ° S " 7 cells <=„„- 

showed that pry e c_n V c epitope 

Sargent P has7 the 
Phase. This f lndlng i„ dicates that , s ^ 
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m embrane-associated protein and , > c°»^t.nt with th. 

prediction from sequence analysis that it is 

—ne^protei.^ the subcellular ionization of PS*, 

■S the distribution of recombinant protein expressed in st.= 
5 the dist exami „ed using immunofluo- 

blv transfected A29J cens » 

rescence. When cells were fixed and permeabilized, myc 
a g ed P« immun,staining was detected primarily on he 
ell surface, but in a number of cells staining was also 
f tntracellularly, although no signal was observed 
10 rtrnucTe" Xf Permeabiiization was omitted staining 

was located ^^^^^^r alone 
untransfected cells or cells " ans£eCted the myc _ tag 

sno „ed no immunof Increscent staining ■ ^ J* * / 

^ ^ < r, -i-v,^ rarboxvl end Of FiuX, ^nesc 
15 was inserted in the carDoxy 

further corroborate the sequence-based Poetic, th t « 
is a Type II integral membrane protein with ^ 
terminal hydrophilic domain containing the active 
matic site in the extracellular compartment ■ 
20 E eco»binant PEX protein has peptidase actxvity 

The subcellular localization and sequence similar 
•,v between PEX and HEP strongly suggest that PEX func 
i ns as a membrane-bound metallopeptidase. However, no 
tions as a merauiauc shown, 
peptidase activity has yet been ascribed to «x .As 
v. in Ma2 Leu 5 ] enkephalin, used to assay 
25 when ID-Ma , J mem brane preparations 

activity, was ^^ ^J^ or cos cells expressing 
from ™««-»"» t f i , ^; d r ^ ob ^ nt hum an NEP or PKX pro- 

3„ of\ r-o-Ala-Cly from the substrate was ^ 
^-expressing membrane -P"™'^ £o r cata- 

sequence preserves two of the 

ivtic activity of NEP (equivalent to E^b an d H »' 
lytic activity be crucial for 

lacks a residue equivalent to R sno There fore, 
35 the dipeptidylcarooxypeptidase activity of " Theref ° 
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I:"' 8 NEP ' "° di ^"^— .Peptidase activ- 

Jmiir P ;r P ir::;r r ivity of 

calls or COS cell/. vector-transfected COS 

r cos cells expressing recombinant PEX Drofc) „ 

potnUptLs I? :;/;: ar r t 7 ity t . was awe to — 

PEX functions as an e „ ' " Pa " ern - T "«efore, 

we have shown for e ftsT^ ^ ~" ^""X,, 

Is the first and on, I " P ™' ™ 

Th=„ . y kn ° Un sub "rate of PEX. 

These observations maJce two important points- 

PEX is a membrane bound protein with i„ 

enzymatic site in the .»,„„„ , " S actlve 

"1th the highest leve of P EX " ™— ™» «lls 
blasts (bone forming cells, tL f^ 0 " *" ^ 
°£ action of circulating P TH at th = "* ^ ^ ^ 

stimulates these ce l l " ^ ° f thS b ° ne - PTH 

-** m turn s^r t r:rrr r o r unwn) 

osteoclasts, to breaK down bone Since ^^T^ 
vates pth in „ LH likely inacti- 

vates PTH in contact with osteoblasts i + ^ 

-creased Emulation of osteolst ' and T. r JT^ 
bone breakdown. therefore less 
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.ormone^rtr^pt-de ^iT^ ^ 
development of /oil p^T'"" ^ 

the structural features of PTH and \ "' any ° f 

serve as substrate for PEX Our V ^ 
PTHrP beterozvgous-null m iTe genera IIT """" "'^ 
have shown that decreased iJu T^.TZ "IT"" 
microenvironment lead t„ „ : he ske letal 

«* in osteoblasts P re — « for m of osteoporosis. 

PTHrP and therefore better bole folatL 6 " ** 
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By examining PTH breakdown fragments, we can now 
design peptide and non-peptide activators and inhibitors 

of PEX enzymatic activity. 

By modulating PTH and PTHrP levels that regulate 

5 osteoblast activity, PEX may play a critical role in the. 
pathogenesis of osteomalacia and osteoporosis. By pharma- 
cological modulation of PEX activity, it will be possible 
to modulate bone breakdown and bone formation. This would 
be a totally novel approach to the treatment of these 

10 metabolic bone diseases. 

Ex perimental procedure 

rumor Tissues 

Patient I was a 55 year-old woman who presented 
with a two-year history of progressively increasing 
bone pain and difficulty in walking. X-rays of the lum- 
bosacral spine showed diffuse osteopenia. Biochemical 
investigation showed the serum calcium level to be nor- 
mal while serum phosphorus was low (0.41 to 0.5 
rnmol/L; normal, 0.8-1.6 mmol/D . Alkaline phosphatase 
was 232 U/L (normal, 30-105 U/L) and tubular reabsorp- 
tion of phosphate while the patient was hypophospha- 
temic was decreased to 63% (normal, >80%). A search for 
a tumor was negative and the patient was treated with 
25 1 2 5-dihydroxyvitaminD3 and oral phosphate. Fxve years 
liter a right hand mass was discovered and was surgi- 
cally removed. On histopathological examination, it was 
a fibrous hemangioma. Postoperatively, the patient 
noted increasing strength in her lower extremities and 
30 marked decrease in her pain. The serum phosphorus nor- 
malized (0.96 mmol/L) and the tubular resorption of 
phosphate improved but did not completely normalize 
(71-76%). No recurrence of the tumor has been found ten 
years later. 

35 Patient II was a 21 year old man with classic 

features of OHO. Resection of a benign extraskeletal 
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chondroma from the plantar surface of the foot resulted 
in complete reversal of the biochemical and clinical 
abnormalities associated with the syndrome. 

Tumor tissue obtained from these two patients at 
surgery was frozen immediately in li quid nitrogen and 
stored at -70°C. 

PEX Expression in OHO-Associated Tumors 

RNA was extracted from tumor tissue using the 
RNeasy Total RNA kit (Qiagen, Chatsworth, CA) and 
reverse transcribed using oligo(dT) primer and Super- 
script II (BRL) reverse transcriptase for 1 hour at 

Lt ^ 3 f±nal reaCti ° n VOlume of 3 ° ul. The resulting 
WaS thSn ^ified using human P £ X-s P ecific oligo- 
nucleotxde primers PEX-1 (5 ' -GGAGGAATTGGTTGAGGGCG -3 ■ 
SEQ ID NO: 5) and PEX-2 ( 5 • -GTAGACCACCAAGGATCCAG -3' SEQ 
ID NO: 6) designed from the published cDNA sequence 
(1298 and 1807 are the nucleotide positions of the 5' 
end of the sense and antisense primers, respectively) 
(The HYP Consortium (1995) Mature Genetics 11, 130- 
136) Following amplification (35 cycles), an aliquot 
of the PGR reaction was fractionated on an 1% agarose 
gel and visualized following staining with ethidium 
bromide. 

Cloning of Full-Length PEX cDNA 

25 C1 ° ning ° f the 5 " end of PEX cDNA was accom- 

plished by anchored PGR. Total cellular RNA was 
extracted from tumor II and mRNA was prepared. 1.5 ug 
of mRNA was reverse transcribed into cDNA using 100 ng 
of a PEX-specific antisense oligomer (PEX-2) and 200 
units of Superscript II (BRL) reverse transcriptase for 
1 hour at 42°C in a final reaction volume of 30 ul The 
resulting cDNA was size fractionated on a 1% agarose 
gel and fragments corresponding to >600 bp were puri- 
fied and resuspended in H 2 0. The 3' end of the first 
strand cDNA was homopolymer tailed with dGTP using 1 pi 
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o£ Terminal deoxynucleotidyl transferase (TdT, at 37 C 

for 30 minutes in a volume of 50 pi. Following heat 

inactivation of the enzyme, the R«A template was 

removed by incubation with RNase H and the tailed cDNA 

was purified by phenol-chloroform extraction fo lowed . 

by ammonium acetate precipitation. The purged tailed 

cDNA was resuspended in H 2 0 and an aliquot was used for 

anchored PCR analysis along with 200 no of an eternal 

^nfisense primer (PEX- 3, ~> 
PEX specific annseiibc ^ 

CGTGCCCAGAACTAGGGTGCCACC-3 1 (SEQ ID NO:7); nucleotide 
98 of the published human cDNA sequence is the 5 end 

^ a nH 700 nq of oligodC as the sense 
of the primer) and Zvv nq y 

primer. Forty cycles of PCR were performed usinc , 0.5 ul 
of Tag polymerase (Promega Biotec, Madison, HI) « a 

^ t:n ni Cvclinq parameters were. 1 
reaction volume of 50 pi. cycimy y oal 4 nn 

^- qa°c ? minutes of annealing 

minute of denaturation at 94 C, 2 mm 

at 55°C and 2 minutes of extension at 72 C. The P 
products were fractionated on a 1% agarose gel and a 
band of 700 bp was isolated, purified, and ligated into 
pPCRII vector (I nvitrogen, . Following transformation 
into INVaF ' bacteria, clones containing the appropriate 
size insert were sequenced. 

To clone the 3' end of PEX cDNA, an aliquot 
an amplified unidirectional cD»A library in pCD-3 ~c- 
i tor (invitrogen, generated from mRNA obtained from 
tumor 1 was grown overnight in LB medium «>d pl.-£ 
DMA extracted. DKA ,0.5 ug) was subjected to 
a P E X-specific sense oligomer (EEX-1) and an 
oligomer corresponding to the SP6 RNA polymerase bind 
0 ing site sequences present in the P CD»A3. vector^ 
Thirty-five cycles of amplification were performed in a 
50 ul reaction volume with each cycle. c™^™ ° £ 1 
min denaturation at 94"C, 1 min annealing at 55 C 
m in extension at 72°C. Amplified products 
J5 tionated on a 1* agarose gel and a 1 . 2 Kb fragment cor 
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responding to the 3 • end of pfy 

sequenced. * Was subcloned and 

00-.W eXPrSSSi0n stud ies, an EcoRV (in the 

polylxnker of pPCRI1) /AccI (±n the p£x J ^ 

the pPCRii vector containing the 3 , 

following digestion with AccI and EcoRV. The result^ 
plasmid was restricted with * t resulting 
fnll t «_ K srncted with Kpnl and NotI excising the 
full length PEX cDNA that «-u • 

10 vector digested « "h '"""^ int ° P CMA3 

oigested at the KpnI/NotI sites in t h. 

1 C T SeqUSnCed U£i " 9 a " ^PPiied Biosys— 

terns 373A automated sequencer. 

Tissue Expression of PEX mRNA 
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«11 line b p T PCR hUMn °"«*l«tlc osteosarcoma 

' ° y RT - pc R "sing oligonucleotides P£x-<| IS' 
CTGGAT-CCTTGGTGGTCTAC-3 ' SEQ ID N0:8) a nd ^5 5 ." 
CACTGTGCAACTGTCTCAG- 3 ' SEQ ID N0 . 9 " ' ' 5 " 

antisense priors (2398 and 2M T^ £ ^ ^ 

Liie ruii-iength human pey rni\izn o 

analysis for Pr* . ' Sem ^ uantlta tive PGR 

performed ex P— n in human tissues 

performed as previously . described, followinq 
25 normalization for GAPZ3 h messaae in /° ll0Wlng 
containing PEX transcripts. * 
Worfcharn-ijlot Analysis 

Saos-2 lit! 1 ^ ° btained lr ° m *»« 1 «-« "-an 

TsoJZ f T ° li9 ° ( *'-^»- P°ly (A) + RHA was 
dures lent t0tal ^ USi " 9 " and « d P"=- 

Lg a„ a y ' ^ "" e f » c "-ated on „ denatur 

35 Hybond V and tr ""«»- to nylon memb rane 

inyDond n t , Amersham) . Hybridist--;™ 

nycriaization was performed with 
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32 P _ labe led full-length human PEX cDNA (3.1 kb) in 7 »M 
Tris-HCl, 50% formamide, 10% dextran sulfate, 4 X SbC, 
2 x Denhardfs solution and heat-denatured salmon sperm 
DNA (100 ug/ml). The blot was washed in 0.1 X SSC, 0.1, 
5 SDS for 20 min at 50°C, and subjected to autoradxogra- . 

phy for 4 days. _ 

• Translation, and Analysis of 

In Vitro Transcription, rransiawo^ , 

Products , 

Plasmid pPEX .as linearized with NotI and sense 

L „ RN A strand was transcribed using T7 RNA PO^»»; 
Translation reactions in rabbit reticulocyte lysate 
were ^formed in the presence of [3h] leucine according 
to the manufacturer's recommendations (Promega) with or 
without canine pancreas microsomal membranes. Products 
were analyzed by SDS-polyacrylamide gel e^«* ho "»^ 
(SDS-PAGE; e%). Autoradiography was performed after 
treating the gel with ENHANCE (Dupont MEN), as previ- 
ously described. _ ~,,_ 7 
Generation of «yc-tag ? ed PEX, Transfection in COS-7 
7(1 Calls and Triton X-114 Extraction 

' Plasmid pPEX-myc was generated by PCR amplifica- 
tion of PEX CDNA using oligonucleotide PEXMycl as the 

;se primer ( 5 ' -TTGGATGTCAACGCCTCG -3' SEO ID HO: 10 
519 is the nucleotide position of the 5' end of this 
« Primer designed from the cloned human PEX cDNA) and 
25 primer de.ig (5 ' -CTACCACAATCTACAGTTGTT- 

P£XMvc2 as the antiseiib^ w 

CAGGTCCTCTTCGCTAATCAGCTTTTGTTCCATAGAGTCCATGCCTCTG-3 
SEQ ID HO: 11) pri»r. The latter encodes the human c- 
Tyc tag sequences (underlined, and PEX sequences 
corresponding to the carboxyl terminal of the mature 
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protein (742 RGM DSMEQKLISEEDLNNCRLW*) . Following PCR, 
the amplified fragment was ligated to the , pPCR II 
vec tor, excised by digestion with ^'«°» 
inserted into the corresponding sites in the polylmKer 
35 region of PCDNA3. The in-frame fusion protein was 
verified by DNA sequencing. 
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Eaole'sTeJ 7 » Mbecco^s modified 

^agie s medium (DMEM 4 Sfin /t n 

mine- jrh • 9 glucose "ith L-gluta- 

mme, jrh Biosciences, Lenexa k<z\ ~ 

10% fetal ' KS) su PPlemented with 

xuo retal calf serum (FCS- OTRmi 
5 ( Den /^ rPnl GIBCO) and antibiotics 

(pen/strep) were plated at a dens 

cells/well in 6 - well cluster plates \ 3 * 10 

transection. Cells were washed with twice with P BS and 

DMEM containina 0 n nc^ 

LKB) for 3.5 h at" 37-c ^11^ <^macia 
tran , f _. 37 °- Foll °wing incubation, the 

transfection medium was aspirated, the cell, 
shocked with 10% DMSO in PBS for / ■ * 

for 2 mi n, and then cul- 
tured in DMEM with 10* M u 

a, ° Calf serum at 37°c for 48 h 

Triton X-114 P yf r ^ f ^ n - 

Ctl ° n Were Performed on cultured 
cells expressing myc-taoaed ppv fle , . CUJ - tu red 
Dies „pr* j. u ta 9ged as described. The sam- 

L anti » ^ "^"ing using the 

aE10 anta-myc monoclonal antibody. 

Stable Transfection of A293 ^.n 

cence 5 Cells anci Immunofluores- 

A293 cells maintained in DMEM with 10% FCS were 
transfected with the pPEX - myc plasmid by elect " 
txon and selection initiated usin g G413 "soo ^TZr 

tZ^t d6CreaSed ^ Elation 

of the , tranSfSCted ™« recovered at the end 

of the select lon period. For myc-ta gg ed PEX indirect 
—fluorescence, stably transacted cells plated on 
9elatr„-coated coversiips were „ as hed twice with PBS 
fixed ln „ parafolmaldehyde and in some experiment; 

bloTd °- 5% Trit °" ™ Cells 

blocked with 10% FCS in DMEM for ™ • 

incubated for 1 hr at 37V ! L 1 ' * nd 

clonal anfK t 9E1 ° an ti-myc mono- 

clonal antibody (1:5 00 dilution,. Cells were subse- 
quently washed and incubated s„ - • 

„ • mcuoated m turn with fluorescein- 

,o U nt; n, i„ r d r T;iy:;:i r .;r. rr veiy - ith pbs ' 

vyj.yceroi.Tns, 1:1) containing 2.5% 
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i m o o\ nrtane (Siqma) and examined 
1, 4-diazabicyclo- (2, 2, 2) octane ^ i y" ,a ' 

with fluorescent microscopy using appropriate filters. 
Assay for membrane -bound endopeptidase activity 

cos _ 7 C eils transiently transfected with P CDNA3 
vector alone, with vector containing human NEP cDNA - 
(generous gift of P. Crine, Universite de Montreal), or 
with pPEX plasmid, were washed and scraped in PBS. Fol- 
lowing brief centrifugation, the cell pellets were 
resuspended in 50 mM Tris-HCl, P H 7.4 and disrupted by 
sonication. Homogenates were fractionated by sequential 
centrifugation at 1,000 x g for 10 min and then at 
100,000 x g for 60 min. The final precipitate was 
washed with 50 mM Tris-HCl, P H 7.4, resuspended in the 
same buffer, and assayed for endopeptidase activity. 
The protein concentration in membrane fractions was 
determined by the method of Bradford with bovine serum 

albumin as standard. 

[D-Ala2,Leu5] enkephalin (500 uM) was incubated 
with COS cell membrane preparations (~60 ug of protein) 
in 100 mM Tris-HCl, P H 7.0, at 37°C for 30 min (final 
volume 30 ul) - The reaction was terminated by the addi- 
tion of 100 ul 0.1% TFA (v/v). Production of Tyr-D Ala- 
Gly was monitored using reversed-phase HPLC (Bondpak C- 
18 reverse phase column, Waters) with a O.V. detector 
b set at 214 nm. A linear solvent gradient of 0% B to 40, 
B in 60 min was used with a flow rate of 1.5 ml/mm 
(mobile phase A-0.1% TFA (v/v); mobile phase B=80% ace- 
tonitrile/0.1% TFA). Tyr-D-Ala-Gly was identified by 
co-chromatogra P hy with marker synthetic peptide. For 
0 assessing PEX endopeptidase activity, 10 M of PTH U- 
38] and PTH [1-34] peptides (Peninsula Laboratories; 
Belmont, CA) were added to the membrane preparations. 
For HPLC analysis of hydrolysis products, a linear sol 
vent gradient of 0% to 50% solution B was used at a 
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rate of 1 . 5 ml/min. MALDI-TOF mass spectrometry was 

performed on specific peptide fragments 

RESULTS 

Cloning of Human PEX cDKR 

5 At the initiation of these studies, PE X expres- 

sion had been reported in minute amounts only in leu - 

. =ytes and fetal brain. We postulated that in states of 
hypophosphatemia PE X expression may he increased and 

10 hat :r opted to use the oho tum ° r " * ™ 

that may express considerably more P EX . Tissues 
obtained from two tumors associated with OHO were led 
to obtain total R Nfl and analysis for PE X mRNA expres- 
sion was assessed by RT-PCR. As shown in Fig.l PEX 

15 oi r !; SC d riPtS rSadlly ^""^ >»t h tumor' sam- 

15 Pies demonstrating the expected 509 bp fragment pre- 

B! r ir t p " uished partiai h — *** 

une hyp Consortium (1995) Mat-nr* r 

Kxy: * D > Nature Genetics 11, 130- 

w t 'ohT 31 eXtra " ed ~ ««'..- 

20 ,35 , " VerSe tranSCribed «« amplified by PCR 

(35 cycles, using human P £ *-specific primers, PE X -\ and 
PEX-2, designed from the published human sequence The 
expe ct ed 509 bp amplified fragment Q J ained - ™ 

both tumor samples. Control, no cDNA added to the 

*174 DNA digested with H..HI restriction endonuclease 

The cloning of the 3 ■ end of PEX transcript was 
performed by rapid amplification of the 3- end of the 

by anchored PCR, as described in Experimental Proce- 

acTse! 19 - " f nUCle °" de a " d - ° 

from 7 fU "- le ^ th h — «V cDNA cloned 

from tumor tissues. Nucleotide and deduced amino acid 
sequence of tumor-derived human PEX cDNA ( Fiq. 2A) The 
numbering begins at the 5- end nucleotide as determined 
35 by anchored PCR. Amino acids are given below each Hon 
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using the single letter code. The putative start codon 
is indicated as /I alone, with the deduced »in= > acid 
translation. Two stop codons preceding the predicted 
initiation ATG are in bold type. Asterisk <*> indicate 
5 an in-frame stop codon, while a large asterisk (* - 
denotes the putative prenylation site. » P°" n ^ 
polyadenylation signal in the 3- untranslated 
underlined. Nine potential N-glycosylation sites are 
boxed. The sequence has been assigned GenBank accession 

10 No. (U82970) . 

The composite cDNA reveals a single open reading 
frame encoding a protein of 749 amino acids which. d»- 

i-iA 99- identity, 70% similarity) to 
plays homology (34.2* iaentiuy, 

human neprilysin <NEP; EC 3.4.24.11), and other members 
15 o£ the membrane-bound metalloendopeptrdase amrly 
encompassing endothelin-converting enzyme-1 (ECE 1, 66. 
similarity, and the Kell antigen (60% similarity), sug 
gesting that PEX is a novel member of this family of 
neutral endopeptidases, as previously suggested The 

^ • /iqqc;\ Mature Genetics 11, -L^ u uo). 

90 HYP Consortium (l^yb). 1VdLUiC . 

^ orv i« a likelv a glycoprotein 

Like the other members, PEX is a likely a y 

with eight potential N-glycosylation sites and 10 cys 
Teine residues that may be important for the proper 
folding and hence native conformation of the protein 

The ATG codon at position 604 was assigned as 
the initiator methionine since it is preceded by two 
in-frame TGA termination codons 36 and 63 basepairs 
upstream and conforms favorably to the Kozak con.-»«. 
for vertebrate initiation of translation. The cloned 
30 CDNA identifies the first 3 and the last 108 : 

acids of the predicted PEX gene product in addition to 
the published partial sequence. These additional amino 
acids comprise residues such as ^ and H™ that are 
shared by NEP, and may be critical for the formation of 
3 5 the active site of the protein and hence its enzymatic 
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= did not arise because of PGR errors P F y " 6ratl °"s 
amplified from Saos 2 h sequences were 

rrom Saos-2 human osteosarcoma cells (see 
below, and sequenced. In addition, the same alterat ons 
were subsequently described in the murine PEX C Z 
sugges possiMe cloning artifacts ^ CD» 

i 1 , ";^ 7" °« — ed sequences also 
encompass 603 nucleotides of the S> „„t- 

reqion, and 276 nucleotides of the 3. ^ "* d 

rprT ^ n , tne J untranslated 

Lt^' ;r r n9 the canonicai ww«<» s ian ai 

ZZ'e oil H U !f tream ° f POly<fl » '"«• Th * human 

sive ho , mOUSS CDNA SeqUe " CeS -ten- 
sive homology within the protein coding region (96% 
identity) as well as in th U , 9 ° n <96 ' 
regions. and 3 • non coding 

diets thaTth MalySlS ° f hUman PEX S£quen ™ P'- 

dicts that the protein has no apparent N-terminal sig- 
nal sequence but has a single membrane-spanning helical 
domain comprising amino acid residues 21-39 (Fig c 
™pred analysis of the ,„ sequence showing ^si q e 

:ut r ;r;rr in9 h domain — - id 

refer ' J'"™*"" 1 - ° n ^ Horizontal axis 

refer to the amino acid sequence. Amino acid homology 
between P E x and human NEP cDNA (Fig 2B) Sm „ m0l ° 9y 
r^^r--; 1 19, • Sequence com- 

panson was performed using the LALIGN program 

that / hlS PrediCtS its transmembrane topology to be 
resL « " inte9ral men,brane P r ° t8i " ««h a 20- 

70 III Cyt ° PlaSmiC ««" a C-terminal of 

n t ::L ac ,r sidues m ^ «>• "f^c 

bL motif " C ° mpa "-"- Unexpectantly. a CXXX 

box motif comprising amino acid residues 746 CRLW „ as 
also identified at the carboxyl terminus of ,„ Th s 
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a eitp for prenylation, a post 
motif may serve as a site ror ^ y 

^anslational lipid edification invoiced in a 

^ riinr-, -F^r-i 1 itatinq membrane attacn 
of processes including tacuitatmy 

«nt, targeting of proteins to specific subce 1, > ar 
5 membrane compartments, promoting protein-protein inter - 
actions and regulating protein function. 
Tissue Expression of PEX mBNA 

We next examined PEX expression in a number of 
fetal and adult tissues and compared the level of 
10 expression to OHO tumor RNA using semi-quantitative RT- 
PCR (Fig. 3). Quantitative RT-PCR amplification of the 
PEX transcripts from total RNA prepared from human tis- 
sues and OHO-associated tumor. Relative expression lev- 
els for the PEX transcript were measured by quantifying 
15 PEX product in reversed-transcribed RNA samples that 
have been previously normalized for OAPOH ^levels. The 
specific primers used were as follows: for P^the 
forward primer was PEX-4 and the reverse primer PEX 5 
for GAPDH, the primers were as previously descrxbed 
20 PGR products were electrophoresed on a 1.5% agarose gel 
and stained with ethidium bromide. Control, negative 
control; Marker, 0174 DNA digested with Haelll restric- 
tion endonuclease. Below, shown are the relative levels 
of PEX transcripts in various human tissues compared 

25 those in the tumor.- fo . ! 

PEX transcripts were expressed m human fetal 
calvarium and to a lesser de 9 ree in fetal Kidney and 
skeletal muscle while no expression was apparent rn 
fetal liver. PEX expression was also observed rn the 
30 human osteoblastic osteosarcoma . cell line, Saos-2. In 
adult tissues, PEX mRNA was identified rn krdney, but 
not in liver, or endomyocardium. Recent studies have 
also reported PEX expression in human fetal bone 
eletal muscle, and liver as well as fetal and adult 

t ^ a i n <3<m J. Clm. Invest. 
35 ovary and lung (Beck, L. et al. (193/) 
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^li^ionT""" Ml - 635 " 639) - flnaiysi = *°»«^« 

normalization for GAPDH message in all i-^e 

ing PS* transcript disclosed th^ k contain- 

is 2-10 fold h^H dlsclosed that bone PEX expression 

ined in c " ^ ° ther n ° rmal tissues exam- 

ined. In comparison, OHO tumor pfy „ v ■ ~~ 

the levels rtK ./ expression was twice 

its relat r rV6d ^ fStal ovarium, consistent with 

NortZ « C ° Verabund — " - these tissues. 
Worthezrn Blot Analysis 



transit determi " e the si « <* the full-length 
"y of avaJLr t0tal tUm " 1 '<^»- 



extraction, and po ly(fl)+ RHfi fr h P OJ -y(«) 

osteosarccna cells. Thls cel l l" Sa ° S " 2 

1 r 1., -Lx^i> ceil line was used sinrp -i 1- -; o 

seniles „ s b SUCC6SSfUl «*"««tio» of P E * 

^ji , 20 ; g b :; n e a p c:rrr by . RT - pcR < see 

My or each) were examined by Northern-hi^ 

::: L si ; r ::::i iP r 0 ; loned * — - » 

contrasts „ ith th . predicted P *«> t ™ 

poiy ( A +)RNA prepared from y ?° °J 

total RNfl prepared tmor r tl „ ue ^ - - 

i ; r ;r r r r taining f °™^ t h .„ t „„ . 

I » a! h membrane - FOll °^ -™i Z ation 

"TL , ^ aUt ° radl ^"P h y- » transcript or 

30 P 1 (A b )R ":: T e " ed ln la - — S.o-2 

cori: P r n9 T L-: - _ 

rv*i-o . . y kb - Arrows indi- 

cate the position of the 28S a « 

(approx 1 8 -k (approx. 4.8 kb) and 18S 

(pprox - 1 - 8 kb) ribosomal RNA. 

35 un , ^ find±ng W ° Uld the ^f°re predict a ~4 kb 5 - 
35 untranslated region for pex cDNA r- ■ «. 

ft.K cDNA, consistent with pub- 
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lished data from Northern blot analysis of PEX expres- 
sion in mouse calvaria ,Du, L. « al. .1996, Genomes 
36 22-28) . A less well defined band was also detected 
in' the Saos-2 sample corresponding to a potential tran- 
script of -3.8 Kb, although the nature of this tran- - 
script remains unclear. Northern analysis of total RNA 
samples from tumor I and Saos-2 cells (results not 
shown, did not reveal any signal for PEX, ~"»»^ 
with the relatively low expression levels of the PB 
transcript, previously described -.The HYP Consortium 
,1995) Nature Genetics 11, 130-136; Beck, L. et al 

1997) J. din. invest. 99, !200-1209 ; Grieff, H et 
al (1997) Biochem. Biophys. Res. commun . 231, 
639, This finding contrasts sharply with PEX expres- 
sion levels demonstrated in murine calvaria and cul- 
tured osteoblasts (Du. L. et al. (1996) Genomes 36, 
22-28.) and may reflect tissue and species differences. 
In vitro translation of PEX eRH» 

In vitro translation studies using full-length 
human PEX cRNA were performed in the rabbit reticulo- 
cyte lysate cell-free system. In the absence of micro 
somal membranes, PEX cRNA was translated into an -86 kD 
protein, as predicted from the cloned cDNA sequence 
( Fi g. 5). Plasmid PPEX was linearized and sense RNA 
Land transcribed using T7 RNA polymerase. Trans ation 
o£ PEX CRNA was performed using rabbit reticulocyte 
lysate in the absence (minus) and presence (plus) 
canine pancreas rough microsomes. Products were elec- 
trophoresed in a SDS- P olyacrylamide gel (10%, and visu- 
30 alized by autoradiography. Arrowhead in lane 2 indi- 
cates full-length human PEX protein. The addition of 
microsomal membranes results in the appearance of 
higher molecular weight forms that likely represent 
glycosylated products. 
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branes IVTZ^T^ °' ""^ ™- 
with M \ ame a PP a «nt, consistent 

« £n » daduced from the predi « ed 

Previous studies have established that NEP ECE- 
1 and Kali biood group glycoprotein are integral' mem 

Line th ; :,ristr ofiuorescent i — - - 

tein r nr 7 ° 8 memb «ne-associated pro- 

struct °„ l * n h tlfi «»» <* *«. we generated a con- 
lll " h ^ ° arbOTyl sequences of PEX 

inserted .mmedrately upstream of the putative prenyla- 
the PEX protern may proceed uninterrupted 

ous so, ? it<>n Xrl " " 8 dete ^ nt "at forms an aque- 
ous solutron at «<c but separates into hydrophobic and 
.ueous phases when the temperature is raised to To- 
ll "k P r °P ert y has been used as an indicator of 

brane proterns partitioning exclusively in the deter 
gen h „ hile higUy hydrophiUc • * « 

wxth t he aqueous phase. Triton X-U4 extracts from COS- 
' cells transiently expressino PP y + 

j cAijxebsing tagged with th<=> «-- 

-yc eprtope showed that PEX partitions nearly exclu- 

d par;::ro the detergent phase '"«• ^ 

Gently transferred in cos-7 "Ti T"^ tm ~ 

COS-7 cells and 48 h later cell* 

r^THTt with Triton ™ Mh ° ie ~» 

by » : E ?T aqUe ° US -« analyzed 

clonal a^y — bl0 " ed " 
dnrioody. R lght margin indicates M r x 10~3. 
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This finding indicates that PEX is a membrane- 
associated protein and is consistent with the predic- 
tion from sequence analysis that it is an xntegral mem- 

hrane protein. . ^ 

To determine the subcellular localization of - 
PEX the distribution of recombinant protein expressed 
in 'stably transfected A293 cells was examined using 
immunofluorescence. When cells were fixed and permeabi- 
lized, myc-tagged PEX immunostaining was detected pri 
marily on the cell surface, but in a number of cells 
" „ ng was also observed intracellular^, although no 
signal was observed in the nucleus (Fig. 6B> . If P«~- 
abtlization was omitted, staining was 

sively to the plasma membrane (Fig. 6C) . while untrans 
fected cells or cells transfected with vector alone 
showed no immunof iuorescent staining. 
PEX using indirect immunofluorescence in stably trans 
fected cells with (Fig. «B, and without (Fig 6C> 

permeabilization with Triton X-100, respectively. 
Staining was carried out using the 9E10 anti-myc mono 
clonal antibody, followed by "™™^«~™^ 9 
dary (sheep anti-mouse, antibody, arrowheads indicate 
intracellular (B, and plasma membrane staining (CT 

Since the nyc-tag was inserted in the carboxyl 
, end of PEX, these findings further corroborate the 
seguence-based prediction that PEX is a type I int. 
gral membrane protein with its large C-terminal hydro 
' philic domain in the extracellular compartment. 
Becombinant PEX protaln has endopeptidase .ctiwty 
0 The subcellular localization and sequence simi- 

larity between PEX and NEP strongly suggest that PEX 
functions as a membrane-bound metallopeptidase How- 
ever, no peptidase activity has been ascribed to PEX. 
Z shown in Fig. 1*. when tD-Ma?. ^ =*P =U„ 
,5 used to assay for NEP activity, was incubated with cell 
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membrane preparations from vector-tr.n.f , , 
or COS ™>n c vector transfected COS cells 

n C6llS ex P ress -g equivalent amounts of reC ombi- 
nant human NEP or PEX nrn f^ comDl 
ern hw , Proteins, as determined by West- 

transfected COS-7 cells (Fin -77^ vector 

-e„ tly expressing h ; m : n (F - « B "- <=•"» — - 

cDNAs (Fia ^r^ ■ 9 ' ' ° r ' humar > ^ 

10 Ala' Ju>]l\ I lnCUbated in the presence of (D - 

equivalent to R 102 sho „ n tQ fae ^ f 1 '<*« « 

dylcarboxypeptidase activity of NEP Th f 

NEP pex hl . Therefore, unlike 

>-0 but Xi^ly funct" 0 ^"^-^peptiCa.e activity, 
ut xikely functions as an endopeptidase 

Case actlvlir^cen^rr" ^ ^ 

cells trap,*, t, ""^"ne preparations from COS 

H [1 38] was incubated with cell membrane prepara- 
tions from vector transfected COS-7 calls ,Fia fl T 
from ceils transiently expressing hum a I PEX °f 
' £droly.i, products uere r 9 ™- ** a <, 

Chromatographic nrofilo ,' ( g ' 8B) • 

hydrolysis of ™ °' *«- 

branes from cos , \- —bated with call mem- 

<Fig 8C. 1 3 transie "ly expressing P EX 

<F, g . 8C, . The novel product with a molecular weight of 
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«t,h* to the terminal pentapeptide 
630 likely corresponds to tne 

DVHNF of human PTH [1-34]. \ ran sfected 

A parallel preparation from vector transfect 
COS cells did not appreciably cleave PTH [1-38]. How- 
COS cells presence of PEX, both PTH peptides were - 

5 J i i z** P — r-.^ 

in the formation of several peaks that absorb at 214 

, of the peptide materials recov- 
nm. Mass spectrometry of the peptx 

ered from two product peaks gave m/z values of 86 l and 
• ! MhnP the former product was present 
10 630, respectxvely ^ e ^ he f ° * and pTH {1 - W , 

v^z^:^^ - - PTH [1 ; 

£ n^Le and likely ^ ^ 

terminal pentapeptide ^ ^"^^ recom . 
15 findings provxde the first dxr 

binant PEX possesses endopeptxdase actxv * 
that its substrate specificity may not be restr c t 
the putative phosphatonin but may include other cxrcu 
lating hormones or perhaps bone-derxved auto 
20 crine/paracrine regulatory factors that regulate renal 
phosphate handling. 

DISCUS T g ain insiqht into the role of ^ in normal 

encodes a protein whose deduced a n ino acid sequence - 
encodes d ^ Consortium 
identical to the published partial (The HYP 
,1995) Nature Genetics 11. 130-136, and to the full 
30 - g th s-uences repcrte. , .ore ^ « 
al. (1997) J. Clin. Invest. 99, 12UU 

„t al (1997) Biocherc. Biophys . Res. Comaun. 231, 63t> 
et al. tiy»/> Miner. 
639; Guo, R. and Quarles, L. D. (199 ) 
Kes 12, 1009-1017). Its deduced topology xs that of 
35 Ze XX integral membrane glycoprotein and in the pres 
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branes and partita canine microsomal mem- 

£- Partitions exclusively in 

5 Phase following extr^f . the dete rgent 

tent with the ZeZ t Z n 7 ^ ^ ' 

*■ - int e 9ral p mera :::; n g :;::::irv naiysis that " 

observed hydrophobic nature oT^ " T""" 1 ""' 

uted solely to it h ■ " 0t be at trib- 

» "pernio ^riJi^rjzT 1 membrane protei - 

association, presumablv th T «>«ne 

<* t h e m0 d if yL g ;: : P y K ;° t t ******** ^ iction 

* the c-termina! tet'apeptide Ck™ mot 7"' 
lational attachment „/ f ' P° st -trans- 

l^age to the cysteine ^ * thioether 

promote e^ectiJtran? astcir" " ^""^ *° 
will be necessary to h - assoClat ^n. Further studies 

- of „ ^ 

•«r. is the observation that a „ h ° W " 

within this motif ( R74 7Stool h k n ° nSenSe station 

senate with „ YP and x k eiy ^ " PO "«' to ~" 
an inactive P £ * gene product . * ««oci.t ed with 

t"„ of PEX expressed in A293 cells " , aU2a " 

with the protein being me„fcra„e-assoc te^" 

«tes the se q uence-based prediction th« ^rT" 

s-ce rr.T with its L:: -™ 

WMle protein ^^HST. 
cell surface, i„ some cells th 6 * °" the 

intracellularly. " if 6 

-pressed protein would tn^te ^ "T t ■ ^ 
activity is locate • Portion of PEX 

possibly the Goi o r m V men,brane - b °™° compartment, 
Ascribed for ec E \ T""" ^ G ° l9i ^""-tion 

cells is prlposed to » ^helia! 
Fxuposed to promote the effir<«* 

L.ne erxicient conversion 



10 



15 



PCT/CA99/00895 

WO 00/18954 - 21 ~ 



r,f the co-localization and 

stitutive secretory pathway. It P both 
in oarallel fashion, the PE* enzyme mediates 

llular and cell-surface conversions of xts puta- - 

intracellular anu tcxx 

tive substrate wild -type BEX transcripts are 

The finding that wild typ _„,-. 
j in relat i,e overabundance in OHO tumors poses 
expressed m re^ti and the pathophysiology 

: f -rrdisorrs.% h at 

JTead to similar derangement in ! -^^ 
sis? one of the physiological function ^« 
be the inactivation o a fac or 

renal phosphate excretion • ^ rf ^ 

cate events proposed to ~= cir=ulatlng phospha - 

proximal renal tubule. P h ^ ^ receptor 

1-uric hormone (Pna) i" LCJ - the 
(PR and inhibits phosphate reabsorptxon -across the 
! brush border membrane H) by decreasing NaPx 
renal brush Dora«i- dearee of phos- 

activity. Downward arrows indicate 

dttv pynressed predominant xy -l" 
phate excretion. PEX express p circulating PHa 

renal tissues modulates t 1-- 

- r h o n „o. «- ^-^t—j- 

« the syndrome would be the consequence of 
oharacterizes the synd ^ q£ 

Un rf U actor by tumor. The modestly elevated PS* lev- 

el! that we have documented in .these tumors may arise 
els that we hypophosphatemia or to 

either in response to the severe ypP haturic 

tha abnormally h ig h rl ^J^J m „ not be 
^Iien^o ^odate the increased substrate load, 
resulting in abnormally high circulating levels 
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active phosphaturic hormone Th= • 

observed in H YP „J "activation of PE X 

Creased turnover of th \T h cause 

5 - -er by lead to ^ <~~ 

transferred following cro f " n *" her — ected nor 
in norma! and Hva " '""plantation of kidneys 
engrafted with a „ T' " h " n «• 

- since circula^ i °4T. of^'h -3.es 
-cessive. On the other hand Ph °" Ph " u ' 10 ^ent are 
W*e y s in norma! mice wi^L'T/T" °* """" 
Phosphate handling of th» ""^ tubia " 

-vels of the .Z^*^^ TlT 

nueea / analysis of t- ho +- * 
of PEX mRNA bv RT-ppp L tlSSUe dis tribution 
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of PEX mRNA by rt-pcr h 6 distri bution 

^y «i fcr has confirmed 

extrarenal tissues 3 nH • rmed lts expression in 

r ^ and - a :: ~:r y r et °t — 

Genome., 36, 22-28; Beck , L \ ^ <1996) 

I»v.«. 99. 1200-1209- Gr ie f f » (1 " 7> ^ 

Ouarles, 1 \ {19 ^T' B ' *»' ^ ' ««• 

ioi 7) sho„ ln9 hi; iivei^r;;,:::^ i2 - iom - 

the osteoblast !ineage would be co " "* 

intrinsic osteoblast L f t consistent with the 

Patients and " ^mite *> in „„ 

Finally, although the rf*H„„ ^ 
clean » c deduced structure of ppv 

dearly suggests that it is a n 

tidase activity had b een .Vr^' 1 ^"": "° W " 
Preservation of the catalvti , proUl "- Th « 

"Sidues .equivalent ^ JT^Y 
»°uld argue for such an activity !n alit ^ 
range of PEX mutations ^ Hyp V- 1" ad n t^ ^ 

regions required for „„, tients that align with 

for protease activity in NEP suggests 
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th at BEX also functions as a protease. Here, for the 
first time, we provide experimental evidence that 
recombinant BEX indeed functions as an endopeptidase • 
unlike «EP, however, the protein does not possess 
dipeptidylcarboxypeptidase activity since it lacks - 
residue equivalent to P.'" 2 of SEP. Our unexpected obser- 
vation that BEX effectively degrades PTH raises the 
question of whether circulate PTH is the putative 
phosphatonin. Although extracts from some OHO tumors 
have been reported to stimulate renal adenylate cyclase 
and this activity was inhibited by PTH antagonists, 
mo =t studies have excluded PTH and PTH-related peptide 

(PTHrP) activity in OH0-asso=iated tumors. Moreover, 

. ^-Mw nr-pqerved in patients 

calcium homeostasis is generally preserved y 

; with H,P. It is more likely, therefore, that the enzyme 
is rather promiscuous in its substrate »P~^««- ™ 
m ay indeed modulate PTH bioavailability and b««t« 
ity. particularly at the level of the osteoblast as 
„el as the hormonal and paracrine/autocrine effect of 

0 factors produced by osteoblasts involved m regulating 
phosphate reabsorption and osteoblast maturation and 
mineralization. Although additional work will be 
required to clarify many of these issues, the mi 
ability of full-length human BEX oCHA 

>S with the opportunity to study the biology of 

' tify its substrate (s, , elucidate its role in P«h°logi 
Ll states characterized by dysregulated phosphate 
homeostasis, and determine its suitability as target 
for therapeutic intervention in the treatment of meta 

bolic bone diseases. 

While the invention has been described in con- 
nection with specific embodiments thereof, it will be 
understood that it is capable of further 
and this application is intended to cover 
35 tions, uses, or adaptations of the invention following, 
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m general, the principles of th a • 

including such departures from the lnV6nti ° n ^ 



, „+. . , jyj-a^Lice within thf* 

art to which the invention De rt-*in« „ 
applied to th* Pertains and as may be 

forth and th % e88ential ^tures hereinbefore set 
rortn, and as follows in +-k 

claims. SC ° Pe ° f the appended 
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WHAT IS CLAIMED IS : 

1 A method for the diagnosis of metabolic bone dis- 

ases in a patient, which comprises the step of determin- 
inq the level of PTHrP in a biological sample of a patient 
tr in an alteration of PTHrP levels fro, that of a no - 
mal individual is indicative of metabolic bone diseases 
and/or metabolic bone diseases predisposition. 

The method of claim 1, wherein said metabolic bone 
diseases is osteomalacia, osteoporosis, osteopetrosis 
Paget' s disease. 

3 A method for the treatment of metabolic bone dis- 

eases, which comprises administering to a patient a com- 
pound for the modulation of PEX enzymatic activity. 

The method of claim 3, wherein said metabolic bone 
Leases is osteomalacia, osteoporosis, osteopetrosis or 
Paget' s disease . 

use of a compound for the modulation of PEX enzy- 
matic activity for the manufacture of a medicament for 
treating metabolic bone diseases. 

The use of claim 5, wherein said metabolic bone 
diseases is osteomalacia, osteoporosis, osteopetrosis . or 
Paget' s disease. 

7 A method for the treatment of metabolic bone dis- 

eases whl h comprises modulating PTH and PTHrP eve s 
that regulate osteoblast activity in a patient to modulate 
bone breakdown and bone formation. 

The method of claim 8, wherein said metabolic bone 
diseases is osteomalacia, osteoporosis, osteopetrosis 

Paget' s disease. 

use of modulation of PTH and PTHrP 

regulate osteoblast activity for the treatment of meta 

bolic bone diseases. 
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dLases^s ^tella^ % bone 
Pa 9 et-s disease is, osteopetrosis ox 

PEX in k n ° n : hUman "ansc,enic mammal to study the role of 
PEX m bone development- and homeostasis „h„ neroleof 
and somatic cells contain a PEX C"^*"' 9 "- 

sion of pex in u, construct for expres- 

recombinant pex ^° bl " t — ntially of a 

Primal promoter 9 . ^ /"'V, °" =™ <* " 
— construct bein g in^d ' 9 ""\ ^ 

ancestor o f t he ma-mmal, at an embryonic st ag "' " " 
12. The non-human mammal of claim n », • u ■ 

and the proximal promoter is m ' ^ 15 3 m ° USe 

gene. Pomoter ls murine pro _ al(I) collagen 

13 • The non-human mammal of claim 1? 

murine pro-aim ™n ' wherein said 

F ° dJ -U) collagen gene i<s = o ^ , ^ 

thereof. 3 2 ' 3 kb fragment 
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Cloning of Human PEX cDNA 

EXPRESSION, SUBCELLULAR LOCALIZATION, AND ENDOPEPTIDASE ACTIVITY* 

(Received for publication. February 9. 1998, and in revised form, March 24, 1998) 

™ i, T I ;„m»n Dibvendu Panda, 6 *' Hugh P. J- Bennett/ Janet E. Henderson,'* 

^be^ . ttf 
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Research. McGM lW«;«r«* 375, Core S* Ca ™J nt of Medicine, and Sheldon Biotechnology 

Surgeons. Columbia University. New York, New York 10032 



Mutations in the PEX gene are responsible for 
X-Unked hypophosphatemic rickets. To gain insight into 
the role of PEX in normal physiology we have cloned the 
human full-length cDNA and studied its tissue expres- 
sion, subcellular localization, and peptidase activity. We 
show that the cDNA encodes a 749-amino acid protein 
structurally related to a family of neutral endopepti- 
dases that include neprilysin as prototype. By Northern 
blot analysis, the size of the full-length PEX transcript is 
6.5 kilobases. PEX expression, as determined by semi- 
quantitative polymerase chain reaction, is high in bone 
and in tumor tissue associated with the paraneoplastic 
syndrome of renal phosphate wasting. PEX xs glycosy- 
lated in the presence of canine microsomal membranes 
and partitions exclusively in the detergent phase from 
Triton X-114 extractions of transiently transfected COS. 
cells. Immunofluorescence studies in A293 cells express- 
ing PEX tagged with a c-myc epitope show a predomi- 
nant cell-surface location for the protein with its COOH- 
terminal domain in the extracellular compartment, 
substantiating the assumption that PEX, like other 
members of the neutral endopeptidase family, is a type 
n integral membrane glycoprotein. Cell membranes 
from cultured COS cells transiently expressing PEX ef- 
ficiently degrade exogenously added parathyroid hor- 
mone-derived peptides, demonstrating for the first time 
that recombinant PEX can function as an endopepti- 
dase. PEX peptidase activity may provide a convenient 
target for pharmacological intervention in states of al- 
tered phosphate homeostasis and in metabolic bone 
diseases. 
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tnon inherited disorder of renal phosphate wasting character- 
ized by severe hypophosphatemia, renal phosphate wasting, 
reduced serum concentrations of 1,25-dihydroxyvitamin D lev- 
els and defective bone mineralization (1). Until recently, much 
of our understanding of HYP has been facilitated by the avail- 
ability of two murine homologues, the Hyp and Gy mice, which 
exhibit many of the phenotypic features of HYP (2, 3). Through 
positional cloning, however, a gene which spans the deleted 
region Xp22.1 in HYP patients, or is mutated in non-deletion 
patients with the disorder, was identified (designated PEX) 
and its partial cDNA sequence reported (4). The predicted 
human PEX gene product, as well as its munne homologue (5), 
exhibit homology to a family of neutral endopeptidases m- 
volved in either activation or degradation of a number of pep- 
tide hormones. It has been postulated that PEX metabolizes a 
peptide hormone that modulates renal tubular phosphate han- 
dling Such an activity could involve either the processing of a 
phosphate-reabsorbing hormone precursor to its active form or 
the inactivation of a circulating phosphaturic factor. These 
speculations notwithstanding, the physiologic function of the 
PEX gene product and the mechanisms that lead to the renal 
and skeletal abnormalities of HYP remain to be defined. 

Oncogenous hypophosphatemic osteomalacia (OHO) is a rare 
acquired disorder of phosphate homeostasis with biochemical 
and physical abnormalities similar to HYP (reviewed m Ref. 6). 
This syndrome is associated with a variety of histologically 
distinct, usually benign, mesenchymal tumors (7) whose exci- 
sion promptly reverses the metabolic abnormalities and results 
in cure of the bone disease. It is generally thought that a 
factor(s) produced by these tumors promotes phosphatuna and 
inhibits the renal conversion of 25-hydroxyvitamin D to 1,25- 
dihydroxyvitamin D. The nature of the phosphatunc substance 
remains unknown and is likely distinct from both parathyroid 
hormone (PTH) and calcitonin, two polypeptide hormones 
known to inhibit the renal tubular reabsorption of phosphorus 
(8-13). Because of the striking similarity in the clinical pres- 
entation of patients with OHO and HYP, it is postulated that 
the factor causing phosphaturia in OHO is the active form of 
the PEX substrate. The identification and characterization ot 
the putative PEX substrate, referred to as phosphatonin (14), 
however, will require first a better understanding of PEX func- 
tion Toward this objective, we have cloned a cDNA encoding 



PEX. phosphate regulating gene with homologies to •^•W 1 '*"" ?° 
the X chromosome; OHO, oncogenous hypophosphatemic 
PTH, parathyroid hormone; PCR. polymerase chain reaction, kb, falo- 
base(s,; RT. reverse transcriptase; DMEM, Dulbeccos modified j^jf 
medium; PBS, phosphate-buffered saline; HPLC. h.gh performance l.q- 
uid chromatography. 
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the full-length human PEX protein, and determined the tissue 
distribution of PEX transcripts. In addition, we have examined 
the subcellular localization of recombinant PEX protein and 
demonstrated its peptidase activity. 



Clofmg, Expression, and Peptidase Activity JURx 



EXPERIMENTAL PROCEDURES 
Tumor Tissues Patient I was a 55-year-old woman who presented 
with a 2-year history or progressively increasing bone pain and diffi- 
culty m walking. X-rays of the lumbosacral spine showed diffuse os- 
teopenia. Biochemical investigation showed the serum calcium level to 
be normal while sorum phosphorus was low (0.-11 to 0.57 mmol/Iiter 
normal, 0.8 -l.G mmol/Iiter). Alkaline phosphatase was 232 units/liter 
(normal, 30 -105 units/liter) and tubular reabsorption of phosphate 
while the patient was hypophosphatemia was decreased to 63% (nor- 
mal, >S0%). A search for a tumor was negative and the patient was 
treated with 1 ^dihydroxyviUmin D, and oral phosphate. Five years 
later a right hand mass was discovered and was surgically removed On 
histopathological examination, it was a fibrous hemangioma. Postoper- 
atively, the patient noted increasing strength in her lower extremities 
and marked decrease in her pain. The serum phosphorus normalized 
(0.9G mmol/Iiter) and the tubular reabsorption of phosphate improved 
but did not completely normalize (71 -7G%). No recurrence of the tumor 
has been found 10 years later. 

Patient II was a 21 -year-old man with classic features of OHO (15) 
Resection of a benign nxtraskeletal chondroma from the plantar surface 
of the foot resulted in complete reversal of the biochemical and clinical 
abnormalities associated with the syndrome. Tumor tissue obtained 
Irom these two patients at surgery was frozen immediately in liquid 
nitrogen and stored at 70 °C. 

PEX Expression in QUO associated Tumors— RNA was extracted 
from tumor tissue using the RNeasy Total RNA kit (Qiagen Chat- 
sworth. CA) and reverse transcribed using oligo(dT) primer andSuper- 
senpt n (Life Technologies, Inc.) reverse transcriptase for 1 h at 42 °C 
in a final reaction volume of 30 pi The resulting cDNA was then 
amplified using human PW- specific oligonucleotide primers PEX-1 

rA^r^A^^ AOTGCM,) and PEX " 2 (fi'-GTAOACCAC 
M9QQ a 7??£ \ des »"g"«« the published cDNA sequence 

{UJX and 1807 are the nucleotide positions of the V end of the sense 
and antisense primers, respectively) (4). Following amplification (35 
cycles), an aliquot of the PCR reaction was fractionated on an \% 
agarose gel and visualized following staining with ethidium bromide 

Cloning of Full length PEX cDNA- Cloning of the 5' end of PEX 
cDNA was accomplished by anchored PC R. Total cellular RNA was 
extracted from tumor II and m RNA was prepared. 1 .5 ug of m RNA was 
reverse transcribed into cDNA using 100 ng of a PEX-specific antisense 
oligomer (PEX 2) and 200 units of Superscript II (Life Technologies 
™ \ re r FSe transcri Pl*«* ^r I h at 42 °C in a final reaction volume of 
30 H l. The resulting cDNA was size fractionated on a 1% agarose gel 
and fragments corresponding to >600 base pairs were purified and 
nesuspended in H a O. The 3' end of the first strand cDNA was homopoly- 

Tn ™ Ul dCTP lIS1 ' ng 1 Ml ° f te ™ nal deoxynudeotidyl transfer- 
ase at J7 C for 30 mm in a volume of 50 M l. Following heat inactivation 
of the enzyme the RNA template was removed by incubation with 
RNase II and the tailed cDNA was purified by phenol-chloroform ex- 
raction followed by ammonium acetate precipitation. The purified 
tailed cDNA was resuspended in U 2 0 and an aliquot was used for 
anchored PCR analysis along with 200 ng of an internal PEX specific 
antisense primer (PEX-3, 5'-CGTGCCCAGAACTACX3GTGCCACC-3'- 
nucleotide 98 of the published human cDNA sequence is the 5' end of 
the pnmer) and 200 ng of oligo(dC) as the sense primer. Porty cycles of 
PC K were perform e d using 0.5 p] of Taq polymerase (Promega Biotech 
Madison, WI) in a reaction volume of 50 M l. Cycling parameters were: 1 
min of denaturation at 94 °C, 2 min of annealing at 55 °C, and 2 min of 
extension at 72 The PCR products were fractionated on a 1% aga- 
e t£?T * ° r7 °° baSG PaJ>S W3S Elated, purified, and ligated 

intopPCRII vector ( In vitrogen). Following transformation into INVaF' 
bacteria, clones containing the appropriate size insert were sequenced 
To done the 3' end of PEX cDNA, an aliquot of an amplified umW 
rectional cDNA hbrary in pCDNA3 vector (Invitrogen) generated from 
mRNA obtained from tumor t was grown overnight in LB medium and 
plasm.d DNA extracted. DNA (0.5 M g) was subjected to PCR using a 
PEX-spectfic sense oligomer (PEX-l) and an antisense oligomer corre- 
T^^^ SPG RNA H^ase-binding site sequences present in 
the p€DNA3 vector. Tliirty-five cycles of amplification were performed 
in a 50-|il reaction volume with each cycle consisting of 1 min denatur- 
Htion at 94 C, 1 min annealing at 55 *C, and 1 min extension at 72 °C 
Amplified products were fractionated on a 1% agarose gel and a 1 2-kb 



fragment corresponding to the 3' end of PEX cDNA was subeloned and 
sequenced. 

For expression studies, an EroRV (in the polylinker of pPCRII)/ArrI 
On the /'fiX sequence) fragment containing the 5' end of PEX cDNA was 
ligated into the pPCRlf vector containing the 3' end of PEX cDNA 
following digestion with ArrI and EroRV. The resulting plasmid was 
restricted with Kpnl and Not\ excising the full-length PEX cDNA that 
was then inserted into pCDNA3 vector digested at the Kpnl/Notl sites 
m the palyjmkor region, resulting in plasmid pPEX. The full-length 
lh,X cONA was sequenced using an Applied Biosystems 373A auto- 
mated sequencer. 

7W Expression of PEX m RNA PEX expression was examined in 
normal human tissues and in the Saos-2 human osteoblastic osteosar- 
^JSSLJfi! 1,ne ' by RT " PCR "sing oligonucleotides PEX-4 (5'CTGGAT- 
CCTTGGTGGTCTAC-3 ') and PEX-5 (5'-CACTGTGCA,\CTGTCTCAG- 
3 ) as sense and antisense primers (2398 and 2895 are the nucleotide 
positions of the 5' end of these primers designed from the full-length 
human PEX cDNA). Semiquantitative PCR analysis for PEX expression 
in human tissues was performed as described previously (16) following 
normalization for glyceraldehyde 3 phosphate tlehydrogenase message 
m all samples containing PEX transcripts. 

NorUiern Blot Analysis-Total RNA was obtained from tumor I and 
human Saos-2 osteosarcoma cells using the RNeasy Total RNA kit 
(Qiagen) and oligoidT) -purified polytA)* RNA was isolated from Saos-2 
i SS^ " S T tf sUndard Procedures. Twenty micrograms of tumor I 
total RNA and 20 Mg of Saos-2 polytA)' RNA were fractionated on \% 
denaturing agarose gel, and transferred to nylon membrane (Hybond 
N , Amershanu Hybridization was performed with 12 P-labeled full- 
length human PEX cDNA (3.1 kbj in 7 m *t Tris-HCI, 50* formamide 
10* dextran sulfate, 4 X SSC, 2 x Denhardts solution, and heat- 

J** SHlm ° n Sp0rm DNA (10 ° PI*" 1 )- The bl °t w as washed in 
0.1 x SSC, 0 1% SDS for 20 min at 50 X\ and subjected to autoradiog- 
raphy for 4 days. fa 

In Vitro Transcription, Translation, and Analysis of Product s^Pias- 
mid pPEX was linearized with Noil and sense RNA strand was tran- 
scribed using T7 RNA polymerase. Translation reactions in rabbit re- 
ticulocyte lysate were performed in the presence of ('HJleucine 
according to the manufacturer's recommendations (Promega) with or 
without canine pancreas microsomal membranes. Products were ana- 
lyzed by SDS-polyacrylamidegel electrophoresis (8%). Autoradiography 
was performed after treating the gel with EN 3 HANCE (NEN Life 
Science Products), as described previously (17). 

Generation of myc -tagged PEX f Transection in COS-7 Cells and 
Triton X- 114 Extract ton -Plasmid pPEX-myc was generated by PCR 
amplification of PEX cDNA using oligonucleotide PexMycl as the sense 
pnmer (S'-TTGGATGTCAACGCCTCG -3', 519 is the nucleotide posiT 
10 r?M°*\ j ~ Cnd ° f th * S Primer desi ^ ed fro m the cloned human PEX 
cDNA) and PexMyc2 as the antisense (5 ' -CTACCACAATCTAC AGTT- 

GCCTCTG-3 ) pnmer. The latter encodes the human c-myc tag sequ- 
ences (underlined) and PEX sequences corresponding to the rarboxyl- 
d/^tp n f the maU,re Protein ( 7 4 2 RGM PS M EQKLISE RDT.NNr. 
KLW j. Following PCR, the amplified fragment was ligated to the pPCR 
II vector, excised by digestion with KpnUNot\ t and inserted into the 
corresponding sites in the polylinker region of pCDNA3. The in-frame 
fusion protein was verified by DNA sequencing. 

(DMEM 7 4%nn ma ' n t tainC \ d ,n D " ]b <*™'* modified Eagle's medium 
(IjMEM, 4 500 mg/liter glucose with L-glutamine; JRH Biosciences 
l^nexa, KS) supplemented with W7c fetaj calf serum (Life Technolo- 
gies, Inc.) and antibiotics (penicillin/streptomycin) were plated at a 
dens,ty of 3 X JO* cells/well in 6-welI cluster plates 24 h prior to 
transaction. Cells were washed with twice with PBS and incubated 
with 2 Aig of P PEX-myc plasmid DNA in 1 ml of DM EM containing 0 \% 
bovine serum albumin, and DEAE-dextran (Pharmacia) for 3.5 h at 
11 „ ng incubalion ' the transfection medium was aspirated 

the cells were shocked with 10* dimethyl sulfoxide in PBS for 2 min* 
and then cultured in DM EM with 10% calf serum at 37 *C for 48 h* 
mton X- 114 extraction were performed on cultured cells expressing 
^•tagged PbX as described 08). Tlie samples were then analyzed by 
.mmunoblotting using the 9E10 anli-^yc monoclonal antibody (19) 

Stable Transfection of A293 Cells and Immunofluorescence -A293 
cells maintained in DM EM with 10* fetal calf serum wore transfected 
■T' ^ [o P ^ myC f laSmid by eIect ^Poration and selection initiated 
using C4 18 (600 mg/ml for 14 days and then decreased to 400 nWml) 
Populations of sUbly transfected cells were recovered at the end of the 
selection period. For wyr -lagged PEX indirect iinmuofluorescence, sta- 
bly transfected cells plated on gelatin-coated covcrslips were washed 
twice with PBS, fixed in \<1< paraformaldehyde, and in some experi- 
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F[G I PEX mRNA expression in OHO tumors. Total RN A ex- 
tracted from two tumors associate.) with OHO was reverse transcribed 
and amplified by PCR (35 cycles) using human PEX-spec.fic pnmers, 
PRX " Tand ™PEX-2, designed from the published human sequence. The 
expected 509-base pair amplified fragment was obtained from both 
tuTor samples. Control, no cDNA added to the amplification reaction, 
ie negative control, Marker, *174 DNA digested witli HaeUl re- 
friction endonnclcasc. GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase, 

mcnts permeabilizcd with 0.5* Triton X-100. Colls were blocked with 
10* fetal calf serum in DM EM for 30 min, washed, and ■^bat«l for 
1 h at 37 °C with the 9E10 anti-myr monoclonal antibody (1:500 dilu- 
tion). Cells were subsequently washed and incubated in turn with 
nuorcsccin-conjugatcd sheep anti-mouse secondary antibody (1:250 di- 
lution). Coverslips were rinsed extensively with PBS, mounted in me- 
dium (glycerohTris; 1:1) containing 2.5* l f 4-diazabicyc!o-(2,2,2)ocUn e 
(Sigma) and examined with fluorescent microscopy using appropriate 

flU A^ny for Membrane bound Endopeptidase Actiuity-COS-7 cells 
transiently transfected with pCDNAS vector alone, with vector con tam- 
ing human NEP cDNA (generous gift of P. Cnne. University ^Je Mon. 
trcal), or with pPEX plasmid, were washed and scraped in PBS- N- 
lowing brief centrifugation, the cell pellets were resuspended in 50 mM 
Tris-HCl pH 7.4, and disrupted by sonication. Homogenates were frac- 
tionated by sequential centrifugation at 1,000 X g for 10 mm am then 
at 100,000 X g for 60 min. The final precipitate was washed with 50 mM 
Tris-HCl pH 7.4, resuspended in the same buffer, and assayed for 
endopeptidase activity. The protein concentration in membrane frac- 
tions was determined by the method of Bradford (20) with bovine serum 
albumin as standard. , 
[D-Ala 2 ,Leu fI | Enkephalin (500 j*m) was incubated with COb cell 
membrane preparations (-60 M g of protein) in 100 mM Tns-HCl. P H 
7 0 at 37 *C for 30 min (final volume 30 M l). Tlie reaction was termi- 
nated by the addition of 100 H l of 0.1* rifluoroacetic acid (v/v). Produc- 
tion of Tyr-D-Aia-Gly was monitored using reversed phase I r Li ^ 
(Bondpak C-18 reverse phase column, Waters) with a UV detector set at 
214 nm A linear solvent gradient of 0* B U> 40* B in 60 min was used 
with a flow rate of 1.5 ml/min (mobile phase A = 0.1* tnfluoroacelic 
acid (vArV mobile phase B - 80* acetonitrile, 0.1* tnfluoroacetic acid). 
Tyr D-Ala-Gly was identified by co -chromatography with marker syn- 
thetic peptide. For assessing PEX endopeptidase activity, 10 /ig of 
PTH-O-38) and PTH-U -34) peptides (Peninsula Laboratories, Bel- 
mont, CA) were added to the membrane preparations. For HPLC anal- 
ysis of hydrolysis products, a linear solvent ^dient of 0* to 50* 
solution B was used at a rate of 1.5 ml/min. MALDI-TOF mass spec- 
trometry was performed on specific peptide fragments. 

RESULTS 

Cloning of Human PEX cDNA — At the initiation of these 
studies, PEX expression had been reported in minute amounts 
only in leukocytes and fetal brain. We postulated that in states 
of hypophosphatemia PEX expression may be increased and 
therefore opted to use the OHO tumor as a tissue source that 
may express considerably more PEX. Tissues obtained from 
two tumors associated with OHO were used to obtain total 
RNA and analysis for PEX mRNA expression was assessed by 
RT-PCR. As shown in Fig. 1, PEX transcripts were readily 



amplified from both tumor samples demonstrating the ex- 
pected 509-base pair fragment predicted from the published 
partial human PEX sequence (4). 

The cloning of the 3' end of PEX transcript was performed by 
rapid amplification of the 3' end of the cDNA, while the 5 of 
the cDNA was amplified by anchored PCR, as described under 
"Experimental Procedures." Fig. 2A shows the nucleotide and 
predicted amino acid sequence of the full-length human PEX 
cDNA cloned from tumor tissues. The composite cDNA reveals 
a single open reading frame encoding a protein of 749 ammo 
acids which displays homology (34.2% identity, 70% similarity) 
to human neprilysin (EC 3.4.24.1D, and other members of the 
membrane-bound metalloendopeptidase family encompassing 
endothelin-converting enzyme- 1 (66% similarity) and the Kell 
antigen (60* similarity), suggesting that PEX is a novel mem- 
ber of this family of neutral endopeptidases, as previously 
suggested 14). Like the other members, PEX is a likely a gly- 
coprotein with eight potential AT-glycosylation sites and 10 
cysteine residues that may be important for the proper folding 
and hence native conformation of the protein. 

The ATG codon at position 604 was assigned as the initiator 
methionine since it is preceded by two in-frame TGA termina- 
tion codons 36 and 63 base pairs upstream and conforms fa- 
vorably to the Kozak consensus for vertebrate initiation of 
translation (21). The cloned cDNA identifies the first 3 and the 
last 108 amino acids of the predicted PEX gene product m 
addition to the published partial sequence. These additiona 
amino acids comprise residues such as Glu 642 and His that 
are shared by neprilysin, and may be critical for the formation 
of the active site of the protein and hence its enzymatic activity. 
Three amino acid residues predicted from our cDNA .clone 
differ from the published partial human PEX sequence, D363A 
(GAC to GCC), R403W (AGG to TGG), and A641G (GCG to 
GGA) To confirm that these alterations did not arise because of 
PCR errors PEX sequences were amplified from Saos-2 human 
osteosarcoma cells (see below) and sequenced. In addition, the 
same alterations were subsequently described in the murine 
Pex cDNA (12), suggesting possible cloning artifacts in the 
published partial human PEX sequence. Our cloned sequences 
also encompass 603 nucleotides of the 5'-untranslated region, 
and 276 nucleotides of the 3 '-untranslated region, including 
the canonical polyadenylation signal AATAAA 19 nucleotides 
upstream of the poly(A) tract. The human and the published 
mouse PEX cDNA sequences share extensive homology within 
the protein coding region (96% identity) as well as in the 5 and 
3' noncoding regions. 

TMpred analysis of the human PEX sequence predicts that 
the protein has no apparent Nonterminal signal sequence but 
has a single membrane-spanning helical domain comprising 
amino acid residues 21-39 (Fig. 2C). This predicts its trans- 
membrane topology to be that of a type II integral membrane 
protein with a 20-residue Nonterminal cytoplasmic tail and a 
COOH-terminal of 700 amino acid residues containing the cat- 
alytic domain in the extracellular compartment. Unexpect- 
edly, a CXXX box motif comprising amino acid residues 
746 CRLW was also identified at the carboxyl terminus of PEX. 
This motif may serve as a site for prenylation, a post-transla- 
tional lipid modification involved in a number of processes 
including facilitating membrane attachment, targeting of pro- 
teins to specific subcellular membrane compartments, pro- 
moting protein-protein interactions, and regulating protein 
function (22, 23). , 

Tissue Expression of PEX mRNA— We next examined PEX 
expression in a number of fetal and adult tissues and compared 
the level of expression to OHO tumor RNA using semi-quanti- 
tative RT-PCR (Fig. 3). PEX transcripts were expressed in 
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ind deduced amino acid sequence of tumor-derived human PEXcUNA. 
I rCK. Ammo acids are given AeW each codon using the single letter 



BNSDOCID: <XP ?13<J628A_JL> 



dlB^g, Expression, and Peptidase Activity 



*EX 



13733 





Fig 3 PEX expression in human tissues. Quantitative RT-PCR 
amplification of the PEX transcripts from total RNA prepared from 
human tissues and OHO-assodated tumor. Relative express.on levels 
for the PEX transcript were measured by quantifying PEX product in 
rcvorsod-tmnscribed RNA samples that have been previously normal- 
ized for glyceraldehyde-Tphosphate dehydrogenase levels. The specific 
primers used were as follows: for PEX, the forward pnrner was PEX-4 
anoTe reverse primer PEX-5; for g lyceraldel,yde-3-„hosphaU, dehy- 
drogenase, the primers were as described previously I H). PCR products 
were "lectrophorcsed on a 1.5% agarose gel and stauiec with ethwhum 
bromide. Control, negative control; Mnrker, *174 DNA digested w.th 
riaelU restriction endonudease. Below, shown are the relative levels of 
PEX transcripts in various human tissues compared with those in the 
tumor. 

human fetal calvarium and to a lesser degree in fetal kidney 
and skeletal muscle while no expression was apparent in fetal 
liver (data not shown). PEX expression was also observed in the 
human osteoblastic osteosarcoma cell line, Saos-2. In adult 
tissues PEX mRNA was identified in kidney, but not in liver, 
or endomyocardium (not shown). Recent studies have also re- 
ported PEX expression in human fetal bone, skeletal muscle 
and liver as well as fetal and adult ovary and lung (24, 25). 
Analysis following normalization for glyceraldehyde-3-phos^ 
phate dehydrogenase message in all tissues containing PEX 
transcript disclosed that bone PEX expression is 2-10-fold 
higher than in other normal tissues examined. In comparison, 
OHO tumor PEX expression was twice the levels observed^ in 
fetal calvarium, consistent with its relative "overabundance" in 
these tissues. 

Northern Blot Analysis— To determine the size of the full- 
length PEX transcript, we isolated total RNA from tumor I 
(quantity of available tissue was insufficient for poly(Ar RNA 
extraction) and poiy(A) ' RNA from human Saos-2 osteosar- 
coma cells. This cell line was used since it is readily available 
and successful amplification of PEX sequences has been per- 
formed by RT-PCR (see above). Aliquots (20 M g of each) were 
examined by Northern blot analysis using the cloned human 
PEX cDNA as probe. A single transcript of approximately 6.5 
kb was readily detected only in the Saos-2-derived polyt A) 
sample and contrasts with the predicted size of the cloned 
sequence of 3.1 kb (Fig. 4). This finding would therefore predict 
a -4 kb 5 '-untranslated region for PEX cDNA, consistent with 
published data from Northern blot analysis of PEX expression 
in mouse calvaria (5). A less well defined band was also de- 
tected in the Saos-2 sample corresponding to a potential tran- 
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r ]G 4 Northern blot analysis of PEX mRNA. Approximately 20 
mu o poly(A ' RNA prepared from Saos-2 cells and 20 M g of total RNA 
prepaid from tumor I tissue were resolved on 1* agarose gelconUu^ 
Zl formaldehyde and then transferred to a nylon membrane. Following 
hybridation with radiolabeled PEX cDNA, the blot was washed and 
the signal detected by autoradiography. A tnmMnpt of -6.5 kb was 
observed only in the lane containing Saos-2 po y(A There is 

suction of an additional band corresponding to a transcript of 3.8 
^ArroZ indicate the position of the 28 S (approximately 4.8 kb) and 
18 S (approximately 1.8 kb) ribosomal RNA. 

script of -3.8 kb, although the nature of this transcript re- 
mains unclear. Northern analysis of total RNA samples from 
tumor I and Saos-2 cells (results not shown) did not reveal any 
signal for PEX, consistent with the relatively low expression 
levels of the PEX transcript, previously described (4, 24, 25). 
This finding contrasts sharply with PEX expression levels dem- 
onstrated in murine calvaria and cultured osteoblasts (5) and 
may reflect tissue and species differences. 

In Vitro Translation ofPEXcRNA—In vitro translation stud- 
ies using full-length human PEX cRNA were performed in the 
rabbit reticulocyte lysate cell-free system. In the absence of 
microsomal membranes, PEX cRNA was translated into an 
~ 86-kDa protein, as predicted from the cloned cDNA sequence 
(Fig 5) Following addition of canine microsomal membranes to 
the translation mixture, products of higher molecular mass 
(^100 kDa) became apparent, consistent with glycosylate 
of PEX at the eight potential glycosylation sites deduced from 
the predicted sequence. t 

PEX is a Cell Membrane-associated Protein— Previous stud- 
ies have established that neprilysin, endothelin-converting en- 
zyme- 1 and Kell blood group glycoprotein are integral mem- 
brane proteins. We have used extraction with the detergent 
Triton X-114 and immunofluorescent localization to examine 
whether PEX is also a membrane-associated protein. For iden- 
tification of PEX, we generated a construct in which the car- 
boxyl terminus sequences of PEX are modified by a human 



cde. The putative start eodon is indicated as /I along with the deducrf amino ™^J*^^ 

ATG are in bold type. Urge asterisk (*> denotes the outage prenylat.on sUe^ Aj ^ ^ ^XX^Sn number U82970. B, amino acid 
iSL. Eight Potential /V-glycosytation sites are boxed. The sequence hasbeon . uMgnc ^™ ON SSmm. C, TMprcd analysis of the PEX 
horology between PEX and human NEP cDNA Sequence Numbers on the horizontal axis 

sequence showing a single membrane-spanning domain encompassing ammo acid residues 
refer to the amino acid sequence. 
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Fig. 5. In vtlro translation of human PEX cRNA. Mastoid pPEX 
™ '"""n*"" -nd sense RNA strand transcribed using T7 RNA no 
lymcrase. Th.mdHt.on ofPSXcRNA was perfonned ..sing^abbit «t,C 
U>cyte lysate in the absence (,„,„,«) aI ,d presence <pL.,) of canto, 
pancreas rough microsomes. Products were el^trophoresed in a S D™ 
polyacryIam.de gel (10%) and visualized by autoradiography aZoI 
head , n lane 2 indites full-length human PEX protein The addition of 

Z ilT^lTT^rf rCSU ' tS lhC °f hieher molecular 

weight rorms that likely represent glycosylated products. 

cmyc tag. The epitope tag was inserted immediately upstream 
of the putative prenylation motif so that any potential lipid 
modification of the PEX protein may proceed uninterrupted 

Triton X-l 14 is a detergent that forms an aqueous solution at 
4 C but separates into hydrophobic and aqueous phases when 
the temperature is raised to 30^37 "C. This property has been 
used as an indicator of the hydrophobic nature of proteins with 
integral membrane proteins partitioning exclusively in the de- 
tergent phase while highly hydrophilic proteins associate with 
the aqueous phase. Triton X-114 extracts from COS-7 cells 
transiently expressing PEX tagged with the c-myc epitope 
showed that PEX partitions nearly exclusively into the deter- 
gent phase (Fig. 6A). This finding indicates that PEX is a 
membrane-associated protein and is consistent with the pre- 
diction from sequence analysis that it is an integral membrane 
protein. 

To determine the subcellular localization of PEX the distri- 
ao'oT °f ] recombinant P r °t*in expressed in stably transfected 
A^9J cells was examined using immunofluorescence. When 
cells were fixed and permeabilized, /njyc-tagged PEX immune 
staining was detected primarily on the cell surface, but in a 
number of cells staining was also observed intracellular^ al- 
though no signal was observed in the nucleus (Fig 6S> If 
permeabihzation was omitted, staining was localized exclu- 
sively to the plasma membrane (Pig. 6C», while untransfected 
cells or cells transfected with vector alone showed no immun- 
ofluorescent staining (data not shown). Since the myc-tag was 
inserted in the carboxyl end of PEX, these findings further 
corroborate the sequence-based prediction that PEX is a type II 
integral membrane protein with its large COOH-terminal hy- 
drophilic domain in the extracellular compartment 
Recombinant PEX Protein Has Endopeptidase Actiuity-The 
j Krl^" loca,ization sequence similarity between PEX 
and NEP strongly suggest that PEX functions as a membrane- 
bound metallopeptidase. However, no peptidase activity has 

fn /t a,"*, * PEX AS Sh0wn in K fr ™. when 
ID-Ala ,Leu Jenkephahn, used to assay for neprilysin activity 
was incubated with cell membrane preparations from vector- 
transfected COS cells or COS cells expressing equivalent 
amounts of recombinant human neprilysin or PEX proteins as 
determined by Western blot analysis (data not shown), produc- 
tion of Tyr-o-Ala-Gly from the substrate was evident only in 
neprilysin-expressmg membrane preparations. While the PEX 
sequence preserves two of the residues critical for catalytic 
activity of neprilysin (equivalent to Glu 64 " and His 711 ) it lacks 
a residue equivalent to Arg 102 shown to be crucial' for the 
dipeptidylcarboxypeptidase activity of neprilysin. Therefore 
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wa«on 6 or ,, ipEX , ^ 1M , "*™ a °* and i°""«nofluore 8 cent local- 
wation of PEX. A extraction and partitioning of PEX expressed in 

^sLr^^•n W COsT 0n I . X " l ^ 4 •/ fl 1 t , 7 i,, pPE ^ myC -sr/anTentiy 
Trilon X 1.4 m , "h" 8 ? nd 48 h UleT cells wcre extracted %vth 
mum X-114. Whole cell extract*, as well as detergent and aqueous 

tETSr 1 ^ S ™ ^y*"y>™<*° eel .-ttrophoreSs 7„d 
immunoblotted with an anti-myr monoclonal antibody. Right marmn 
nd.cates molecular mass X 10 '. B and C, localization or PEX usin* 
a^d « thZ'To UOrCSCO rf- in ? tab ' y ""nrficted A293 cells with (ft 
«-f„7«-- (O permeabihzation with Triton X-100, respectively 
Sta.mng was carried out using the OE 10 anti-myr monoclonal antibody 
followed by fluorescein-labeled secondary (sheep anti-mouse Z Zdy' 
Arrou+eads ind.cato intracellular (fl, and nlasL membraneTui.S 
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unlike neprilysin, PEX has no dipeptidylcarboxypeptidase ac- 
tivity but likely functions as an endopeptidase. 

To examine recombinant human PEX for endopeptidase ac- 
tivity, cell membrane preparations from COS «lU^«ently 
expressing the protein were incubated with human P™-U-38) 
or PTH-U-34) and the cleavage products were analyzed by 
reverse-phase high pressure liquid chromatography (HPLC), as 
shown in Fig- 8. A parallel preparation from vector transfected 
COS cells did not appreciably cleave PTH-U-38J. However, in 
the presence of PEX, both PTH peptides were hydrolyzed m a 
highly reproducible pattern resulting in the formation of sev- 
eral peaks that absorb at 214 nm. Mass spectrometry of the 
peptide materials recovered from two product peaks gave m fz 
values of 861 and 630, respectively. While the former product 
was present in hydrolysates from both ™« 8 ^*f™: 
(1-34) the latter product was identified only in the PI H-U-W 
hydrolysate and likely corresponds to the carboxyl -terminal 
pentapeptide DVHNF of human PTH-(W4). These findings 
provide the first direct evidence that recombinant PfcX pos- 
sesses endopeptidase activity and suggest that its substrate 
specificity may not be restricted to the putative phosphatonin 
but may include other circulating hormones or perhaps bone- 
derived autocrine/paracrine regulatory factors that regulate 
renal phosphate handling. 

DISCUSSION 

To gain insight into the role of PEX in normal physiology we 
have cloned the human full-length cDNA and studied its ex- 
pression, subcellular localization, and peptidase activity. The 
cloned human PEX cDNA encodes a protein whose deduced 
amino acid sequence is identical to the published partial (4) 
and to the full-length sequences reported more recently (24- 
26) Its deduced topology is that of a type II integral membrane 
glycoprotein and in the present study we have provided exper- 
imental evidence to support this prediction. We have shown 
that PEX is glycosylated in the presence of canine microsomal 
membranes and partitions exclusively in the detergent phase 
following extraction with Triton X-114, consistent with the 
prediction from sequence analysis that it is an integral mem- 
brane glycoprotein. Nevertheless, the observed hydrophobic 
nature of PEX need not be attributed solely to it being an 
integral membrane protein. Lipophilic modification is known to 
cause cell membrane association, presumably through hydro- 
phobic interaction of the modifying group with the V* ° llaver - 
Signaled by the COOH-terminal tetrapeptide CRLW motif, 
post-translational attachment of isoprenoids via a thioether 
linkage to the cysteine residue would be sufficient to promote 
effective membrane association. Further studies will be neces- 
sary to determine if such lipid modification of PEX does indeed 
take place. Of interest, however, is the observation that a 
nonsense mutation within this motif (R747Stop> has been re- 
ported to co-segregate with HYP and is likely to be associated 
with an inactive PEX gene product (27). Finally, the localiza- 
tion of PEX expressed in A293 cells is also consistent with the 
protein being membrane-associated and corroborates the se- 
quence-based prediction that PEX is a type II integral mem- 
brane protein with its large COOH-terminal hydrophilic do- 
main in the extracellular compartment. While protein 
expression was detected mostly on the cell surface, in some 
cells the signal was also localized intracellular^. This localiza- 
tion of the expressed protein would indicate that a portion of 
PEX activity is located in a membrane -bound compartment 
possibly the Golgi membranes. The Golgi localization described 
for endothelin-converting enzyme- 1 activity in cultured endo- 
thelial cells (28, 29) is proposed to promote the efficient con- 
version of big endothelin-1 because of the co-localization and 
concentration of enzyme and substrate through the constitu- 
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Fig 7 HPLC analysis of the hydrolysis of [D-Ala»,W] 
enkephalin. A, cell membra™ preparations from vector l™*"** 
COS-7 cells; or B, from colls transiently expressing human NEP or C, 
human PEX cDNAs were ineubHted in the presence of JD-AKJ, 
KnliSuin C500 ,u) and hydrolysis product, -re resold by 
HPLC as described under "Experimental Procedures. T^-D-AIa-Gly 
was identified by chromatography of synthetic marker peptide. 

tive secretory pathway. It is possible then, that in parallel 
fashion, the PEX enzyme mediates both intracellular and cell- 
surface conversions of its putative substrate. 

The finding that wild-type PEX transcripts are expressed m 
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Fig. 8. Hydrolysis of PTH-derived 
peptides by PEX endopeptidase ac- 
tivity. A, human PTH-C1-38) was incu- 
bated with eel] membrane preparations 
from vector transfected COS-7 cells; or B 
from cells transiently expressing human 
HfcX and hydrolysis products were re- 
vived by f [PLC. C, chromatographic pro- 
file of products arising from the hydroly- 
sis of PTH-(1 34) when incubated with 
cell membranes from COS-7 cells tran- 
siently expressing PEX. The novel prod- 
uct with a molecular weight of 630 likely 
corresponds to the terminal pentapeptide 
DVHNF of human PTH-U -34). 
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Fic. 0. Schematic representation of 
phosphate handling in the proximal 
renal tubule in normal, OHO, and 
HYP states. The diagrams indicate 
events proposed to occur at the level of the 
proximal renal tubule. A putative circu- 
lating phosphaturic hormone {PHa) inter- 
acts with its renal receptor (PR) and in- 
hibits phosphate reabsorption across the 
renal brush -border membrane C 0 by de- 
creasing NaPi activity. Downward arrows 
indicate the degree of phosphate* excre- 
tion. PEX expressed predominantly in ex- 
trarenal tissues modulates the levels of 
circulating PHa by converting it to its in- 
active form (PHi). 
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relative overabundance in OHO tumors poses a question m 
trying to understand the pathophysiology of these disorders. 
That is how do we reconcile the apparently disparate observa- 
tions that overexpression of PEX in OHO and loss of function m 
HYP patients, both lead to similar derangement in phosphate 
homeostasis? One of the physiological functions of PEX may 
well be the inactivation of a factor that normally promotes 
renal phosphate excretion (Fig. 9). In patients with OHO the 
hyperphosphaturia that characterizes the syndrome would be 
the consequence of unregulated and excessive elaboration of 
the phosphaturic factor by the tumor. The modestly elevated 
PEX levels that we have documented in these tumors may arise 
either in response to the severe hypophosphatemia or to the 
abnormally high levels of the active phosphaturic factor. Yet, 
the increased PEX expression may not be sufficient to accom- 
modate the increased substrate load, resulting m abnormaUy 
high circulating levels of the active phosphaturic hormone. The 
inactivation of PEX observed in HYP patients would similarly 
cause decreased turnover of this humoral phosphaturic factor 
and thereby lead to renal phosphate wasting. 

This model is also consistent with the observation that the 
Hyp phenotype is neither corrected nor transferred following 
cross-transplantation of kidneys in normal and Hyp mice (30). 
Thus when Hyp mice are engrafted with a normal kidney, 
phosphaturia ensues since circulating levels of the phosphatu- 
ric agent are excessive. On the other hand, engraftment of 
mutant kidneys in normal mice will not affect renal tubular 
phosphate handling of the recipients since circulating levels of 
the phosphaturic substance will be normally regulated by the 
enzymatic activity of extrarenal wild-type PEX. Indeed^ anal- 
ysis i of the tissue distribution of PEX mRNA by RT-PCR has 
confirmed its expression in extrarenal tissues and particularly 
bone Our present findings and those of others (5, 24-26) 
showing high levels of PEX expression in cells of the osteoblast 
lineage would be consistent with the intrinsic osteoblast defect 
postulated to exist in HYP patients (31) and in Hyp mice (32, 
33) 

Finally although the deduced structure of PEX clearly sug- 
gests that it is a metalloprotease, no peptidase activity had 
been ascribed to the protein. The preservation of the catalytic 
glutamate and histidine residues (equivalent to Glu and 
His 711 of neprilysin; Fig. 2B) would argue for such an activity. 
In addition, the wide range of PEX mutations in HYP patients 
that align with regions required for protease activity in nepri- 
lysin suggests that PEX also functions as a protease (34). Here, 
for the first time, we provide experimental evidence that re- 
combinant PEX indeed functions as an endopeptidase. Unlike 
neprilysin, however, the protein does not possess dipeptidyl- 
carboxypeptidase activity since it lacks a residue equivalent to 
Arg 102 of neprilysin. Our unexpected observation that PEX 
effectively degrades PTH raises the question of whether circu- 
lating PTH is the putative phosphatonin. Although extracts 
from some OHO tumors have been reported to stimulate renal 
adenylate cyclase (15, 35) and this activity was inhibited by 
PTH antagonists (35), most studies have excluded PTH and 
PTH-related peptide (PTHrP) activity in OHO-associated tu- 
mors Moreover, calcium homeostasis is generally preserved in 
patients with HYP. It is more likely, therefore, that the enzyme 
is rather promiscuous in its substrate specificity. PEX may 
indeed modulate PTH bioavailability and bioactivity, particu- 
larly at the level of the osteoblast, as well as the hormonal and 
paracrine/autocrine effects of factors produced by osteoblasts 



involved in regulating phosphate reabsorption and osteoblast 
maturation and mineralization. Although additional work will 
be required to clarify many of these issues, the availability of 
full-length human PEX cDNA now provides us with the oppor- 
tunity to study the biology of PEX, identify its substrates), 
elucidate its role in pathological states characterized by dys- 
regulated phosphate homeostasis, and determine its suitability 
as target for therapeutic intervention in the treatment of met- 
abolic bone diseases. 
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Summary 

Oncogenic osteomalacia is a syndrome associated 
with rare, usually mesenchymal tumours, which is 
characterized by hypophosphataemia, phosphaturia 
and low concentrations of 1 ,25-dihydroxyvitamin D, 
The reversal of clinical and biochemical abnormalities 
following removal of the tumour, indicates it is the 
source of a humoral factor that is responsible for 
these abnormalities. It has been demonstrated that 
the humoral factor inhibits renal phosphate uptake 
and reduces 1,25-dihydroxyvitamin D production. 
Although there is evidence that it may act via para- 
thyroid hormone/parathyroid hormone-related pep- 
tide receptors and may be a peptide, the factor has 
not yet been identified, nor has its relationship to 
factors involved in X-linked hypophosphataemic rick- 
ets been established. We propose unifying hypoth- 
eses for the pathogenesis of oncogenic osteomalacia 
and X-linked hypophosphataemic rickets which 
involve defects in the PEX gene. These hypotheses 
do not fully explain all the available data and it 
remains possible that hormone(s) with little or no 
role in X-linked hypophosphataemic rickets may be 
responsible for oncogenic osteomalacia. 

Oncogenic osteomalacia, also known as 'oncogenous osteo- 
malacia 1 or tumour-induced rickets, is a disorder characterized 
by the presence of a tumour, hypophosphataemia and low 

Correspondence: Dr A. E. Nelson, Molecular Genetics Department, 
Kolling Institute of Medical Research, Royal North Shore Hospital, 
St Leonards 2065, Australia. Fax: 00 61 299 268523, e-mail: 
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serum 1,25-dihydroxyvitamin D (l,25(OH) 2 D) concentrations 
with clinical and histological evidence of osteomalacia. 
Following surgical removal of the tumour, the clinical and 
biochemical abnormalities disappear (Ryan & Reiss, 1984; 
Hewison, 1994; Drezner, 1996) indicating that they are due to 
humoral factor(s) secreted by the tumour. 

Oncogenic osteomalacia remains one of the few endocrine 
syndromes in which the abnormally produced hormone is 
unknown. Of all the syndromes associated with hypo- 
phosphataemia, including hyperparathyroidism, malignancy- 
associated hypercalcaemia and inherited syndromes of hypo- 
phosphataemic rickets, oncogenic osteomalacia most closely 
resembles X-tinked hypophosphataemic rickets (HYP) 
(Rasmussen & Tenenhouse, 1989). The general consensus has 
been that the tumours produce a phosphaturic factor responsible 
for renal phosphate wasting and osteomalacia and that the same 
or another factor inhibits 25-hydroxy vitamin D (250HD) 1-a- 
hydroxylase in the renal proximal tubules (Schapira et a/., 
1995; Drezner, 1996). However, these factor(s) remain elusive 
and their relationship (if any) to the material that may circulate 
in HYP remains unknown. 

For clinicians, oncogenic osteomalacia remains a diagnostic 
problem due to difficulties in locating what is commonly a 
small, obscure, slowly growing tumour and a treatment problem 
if the tumour cannot be found or completely removed. The 
other fascination of this apparently rare, but probably under- 
diagnosed condition, is that identification of the factor 
responsible may reveal a new hormone. 

Clinical presentation 

Patients with oncogenic osteomalacia tend to present with 
vague symptoms that may be of long standing. The clinical 
presentation can be mistaken for a variety of other conditions 
including rheumatoid arthritis, muscular dystrophy or a 
psychiatric disorder (Ryan & Reiss, 1984). The symptoms 
include generalized pain and muscle weakness which can be 
severely debilitating (Ryan & Reiss, 1984; Schapira et a/., 
1995; Drezner, 1996). Other features include recurrent 
fractures, back pain, waddling gait and difficulty in walking 
which can ultimately render the patient bedridden (Nitzan et a/., 
1989). 

Typical biochemical findings are hypophosphataemia and 
phosphaturia due to decreased tubular reabsorption of phos- 
phate. In general, serum concentrations of 1,25 (OH) 2 D are low 
or undetectable, although the serum 250HD concentration is 
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normal (Drezner, 1996) and 24,25-dihydroxyvitamin D 
{24,25 (OH) 2 D) is also normal (Miyauchi et aL, 1988; Cheng 
et at., 1989). Alkaline phosphatase is commonly high. 
Glycosuria and aminoaciduria, most commonly glycinuria, 
are present in some patients (Ryan & Reiss, 1984). Serum 
calcium and parathyroid hormone (PTH) concentrations are 
normal in most patients (Weidner. 1991). 

How can the tumour be located? 

A search for the tumour should start with very thorough 
physical examination followed by a radiographical survey. CT 
scan and MRI scan of any clinically suspicious area (Leicht et 
aL, 1993;Lee etaL, 1995; A\\\aetaL, 1996; Davide-fa/., 1996) 
and technetium-labelled blood pool scan have also been used 
successfully to locate the tumour. In some cases, the tumour has 
been located by the patients themselves (McGuire et al.. 1989), 
so continued follow-up with careful examination is essential. 
Despite diligent searching, the tumour may not be located 
(Paterson et aL, 1992; Edelson et aL, 1993). It is possible that 
patients diagnosed as sporadic cases of HYP may in fact have 
oncogenic osteomalacia (Weidner, 1991). 

Delays and difficulty in diagnosis are common problems in 
oncogenic osteomalacia, with delays of up to 19 years reported 
(Nitzan et al. 1989). The age of onset has been reported from 6 
to 88 years (McMurtry et aL, 1993; Eyskens et aL, 1995), with 
approximately equal numbers of males and females affected. 
The tumours are found in a range of sites and can be small and 
slowly growing. In one case, the tumour was only 1 cm x 1 cm 
and located on the big toe (Moser & Fessel, 1974). One patient 
was bedridden for 16 years before difficulty in fitting his 
dentures led to the location of a maxillary tumour (Nitzan et aL 
1989). 

Heterogeneity of the tumour in oncogenic 
osteomalacia 

The tumours responsible for oncogenic osteomalacia have been 
described as 'strange tumours in strange places' (Weiss et aL. 
1985). Although most tumours reported are benign, several 
malignant cases have been described (Cheng et aL. 1989; 
Harvey et aL. 1992; Nakahama et aL. 1995) and a case of 
malignant degeneration of a benign tumour reported (Eyskens 
et aL. 1995). A wide variety of tumours are found both in bone 
and soft tissue and include mixed mesenchymal tumours, 
angiosarcomas, chondrosarcomas, prostate carcinoma, schwan- 
noma and neuroendocrine tumours, although most are of 
mesenchymal origin (Nuovo et aL, 1989). 

The variation in histology is reflected by the classification of 
17 tumours into four morphological groups when examined at a 
single centre to overcome reporting differences (Weidner & 



Santa Cruz, 1987). Most were classified as mixed connective 
tissue tumours in soft tissue. The other groups were 
*osteoblastoma-like\ 'nonossifying fibroma-like' and 'ossify- 
ing fibroma-like 1 . Both osteoclast-like giant cells and primitive 
appearing stromal cells have been observed in the tumours 
and it has been suggested that the stromal cells are the most 
likely source of any secreted material (Weidner & Santa Cruz, 
1987). Neurosecretory granules, which might have been 
expected, have not been found in ultrastructural studies of 
most tumours (Weidner et aL, 1985). One report described 
large cytoplasmic vesicles and it was suggested that the 
mechanism for hormone secretion may be exocytotic (McClure 
& Smith, 1987). 

What is known about the mechanism of oncogenic 
osteomalacia? 

Is there a hormone? 

The first clue in understanding the pathophysiology of 
oncogenic osteomalacia comes from the observation that 
tumour removal produces reversal both of symptoms and the 
abnormal biochemical profile. Furthermore, if the tumour 
cannot be located or completely removed, the most effective 
treatment is to administer both phosphate and 1,25 (OH^D 
(Drezner, 1996). This is consistent with the proposal that 
the tumour produces a factor, or factors, responsible for 
both renal phosphate wasting and the low concentration of 
1,25 (OH) 2 D. 

Does the hormone cause phosphaturia in vivo and in 
vitro? 

Early experiments in vivo demonstrated phosphaturia following 
injection of tumour extracts into a dog (Aschinberg et aL, 
1977), into parathyroidectomised mice (Lau et aL, 1979) and 
into both intact and parathyroidectomised rats (Popovtzer, 
1981). Heterotransplantation of tumour tissue into athymic 
nude mice has been shown to result in hypophosphataemia and 
phosphaturia by several groups (Drezner et aL, 1982; Miyauchi 
et aL. 1988; Nitzan et aL, 1989). More recent studies have 
shown inhibition of phosphate uptake in opossum kidney (OK) 
cells by conditioned media collected from cultured oncogenic 
osteomalacia tumour cells (Cai et aL, 1994; Wilkins et aL, 
1995; Rowe et aL, 1996). Our laboratory has also shown 
inhibition of phosphate uptake by conditioned media in the 
highly PTH-sensitive OK3B2 cell line (Nelson et aL, 1996a). 
These studies indicate that a factor secreted by the cells directly 
inhibits phosphate reabsorption by renal cells and the name 
'phosphatonin* has been suggested for this phosphate uptake 
inhibitory factor (Econs & Drezner, 1994). 

© 1997 Blackwell Science Ltd, Clinical Endocrinology. 47, 635-642 
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poes the hormone affect 1-hydroxylation in vivo and in 
vitro? 

Reduced activity of 250HD l-a-hydroxylase has been shown 
v ivo in tumour transplanted mice (Drezner et aL. 1 982) and in 
v Uro in primary cultures of renal cells treated with tumour 
extract (Miyauchi et aL, 1 988). To date, no reduction in 2SOHD 
^-hydroxylase activity has been reported in response to 
tumour cell conditioned medium (Rowe et aL, 1996). 

Is the hormone a peptide? 

Miyauchi et ai. (1988) showed that the activity of tumour 
extract was heat sensitive and lipid insoluble. Activity of 
conditioned medium was also shown to be heat sensitive 
(Wilkins et aL 1995; Nelson et aL 1996a). In our studies 
activity was sensitive to trypsin at 50^g/ml for 2 h: in other 
studies where activity was not trypsin sensitive, lower 
concentrations (Miyauchi et aL 1988) or shorter incubation 
times (Wilkins et aL 1995) were used. Dialysis of conditioned 
medium has indicated a molecular weight between 8 and 25 kD 
(Cai et aL. 1994). Taken together these results suggest that the 
factor may be a peptide hormone. 

Is the hormone similar to known regulators of phosphate 
transport? 

Immunoassay of conditioned media by Wilkins et aL and in our 
laboratory did not detect parathyroid hormone-related peptide 
(PTHrP) or PTH (Wilkins et aL, 1995; Nelson et aL, 1996a). 
Cai et aL reported PTH-like immunoreactivity in conditioned 
media, although serial dilutions showed it was neither authentic 
PTH nor an N-terminai fragment (Cai et aL, 1994). In our 
laboratory, Northern blot analysis of RNA prepared from 
cultured tumour cells showed no hybridization to PTH or 
PTHrP riboprobes, nor to a probe for the recently described 
putative phosphate regulator, human stanniocalcin (Nelson et 
aL. 1996a). 



How does the hormone act? 

Stimulation of c AMP in response to tumour extracts from three 
patients with oncogenic osteomalacia has been demonstrated in 
a PTH-sensitive chick renal membrane adenylate cyclase 
system (Seshadri et aL. 1985). Except for this study there is 
no evidence that cAMP is involved in the renal effects of the 
active factor. Neither our studies nor those of Cai et aL showed 
cAMP stimulation in OK cells in response to tumour cell 
conditioned media that inhibited phosphate uptake, or suppres- 
sion of phosphate uptake inhibitory activity by the PTH 
analogue 8J8 Nle. 34 Tyr bovine 3-34 PTH (3-34 bPTH) (Cai et 
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aL, 1994; Nelson et aL, 1996a). These latter results may not 
exclude involvement of PTH/PTHrP receptors in the activity of 
the factor, because it has also proved difficult to suppress PTH 
and PTHrP-induced inhibition of phosphate uptake in OK cells 
using 3-34 bPTH as antagonist (Muff et aL, 1990). Evidence 
for the involvement of PTH/PTHrP receptors comes from the 
demonstration by Seshadri et aL (1985) that the renal 
membrane adenylate cyclase activity stimulated by tumour 
extracts, was suppressed by 3-34 bPTH. Our studies also 
showed that 3-34 bPTH suppressed the cAMP stimulation by 
conditioned media in an osteosarcoma cell line (Nelson et aL, 
1 996a). The inability of Nitzan et aL ( 1 989) to detect phosphate 
uptake inhibitory activity using the JTC-12 cell line, that is not 
sensitive to PTH (Malmstrom & Murer. 1986), and our 
demonstration of marked activity in a highly PTH-sensitive 
renal cell line (Nelson et aL 1996a) are also consistent with the 
hypothesis that PTH/PTHrP receptors may be involved in 
mediating the activity of the factor. 

How close is the identification of the hormone? 

Two groups have reported preliminary isolation of putative 
factors. Kumar et aL (1995) have isolated a cDNA clone, 
HEM- 1 , from a cDNA library prepared from cultured 
oncogenic osteomalacia tumour cells on the basis of PTH-like 
immunoreactivity. Transfection of OK cells with HEM-1 did 
not affect phosphate uptake and no expression of HEM-1 RNA 
was demonstrated in tumours or tumour cell cultures. A rabbit 
reticulocyte lysate was used to translate protein from HEM-1 
synthetic mRNA, however, no functional studies of the product 
were described. We have designed PCR primers based on the 
sequence of HEM-1 and amplified a product of the predicted 
length and sequence from a cDNA library prepared from our 
cultured tumour cells. We have not, however, been able to 
detect hybridization of the PCR product to tumour cell RNA on 
Northern blot (Nelson et aL 1996b). Recently Rowe et aL, 
(1996) reported the isolation of two proteins of 56 and 58 kD on 
Western blot in conditioned media from day 1 cultures of 
haemangiopericytoma cells when screened with antisera raised 
from preoperative but not postoperative whole serum collected 
from the patient before and after surgical tumour removal. No 
further characterization or functional studies of these proteins 
has yet been reported. 



Is there a relationship to HYP? 

Similarities between HYP and oncogenic osteomalacia 

The clinical presentation of oncogenic osteomalacia is very 
similar to that of the X-linked dominant inherited condition 
HYP (Rasmussen & Tenenhouse, 1989). Patients with HYP 
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also exhibit hypophosphataemia associated with renal phos- 
phate wasting, resulting in deficient bone mineralization and 
rickets. The concentration of l,25(OH) 3 D in HYP is inappro- 
priately normal, in view of hypophosphataemia (Mason et al. 
1982). 

Evidence for a humoral factor in Hyp mice 

Many studies into the pathophysiology of HYP have been 
carried out using the murine models of X-linked hypopho- 
sphataemia, Hyp and Gy mice. Experiments with Hyp mice 
have provided evidence for a humoral factor. Parabiosis 
experiments demonstrated that the defect could be passed 
from Hyp mice to normal mice (Meyer et al 1989a) and that 
this was unaffected by parathyroidectomy (Meyer et al 1989b). 
Results of cross transplantation experiments of kidneys 
between normal and Hyp mice were also consistent with the 
hypothesis of a humoral factor (Nesbitt et al, 1992). While 
sodium-dependent phosphate uptake is reduced in renal brush 
border membrane vesicles from Hyp mice compared with 
controls (reviewed, Tenenhouse & Beck, 1996), studies of 
immortalized cells not exposed to possible hormonal influ- 
ences, suggest there is not an intrinsic defect in renal 
phosphate transport in Hyp mice (Nesbitt et al, 1995; 
Nesbitt et al, 1996). The lack of a gene dose effect in Hyp 
mice (Qiu et al, 1993) is also consistent with a humoral factor. 
In HYP patients there is evidence for a gene dose effect in 
mineralization of bone and teeth, although there are no 
differences between males and females in renal phosphate 
handling (Scriver & Tenenhouse, 1992). The recent demon- 
stration of inhibition by Hyp mouse serum of phosphate uptake 
by primary mouse proximal tubular cells also provides 
evidence for a circulating phosphaturic factor in Hyp, a factor 
which may be produced in part by osteoblasts (Lajeunesse et al, 
1996). 

Despite the considerable evidence for a humoral factor in 
Hyp mice, there is also evidence for intrinsic osteoblast 
abnormalities (Hruska et al, 1995). Transplanted osteoblasts 
from Hyp mice produce abnormal bone with impaired 
mineralization, Phosphate deprivation and supplementation 
studies have shown that hypophosphataemia is not the only 
cause of the abnormal bone mineralization and provide 
evidence for an osteoblast dysfunction in the Hyp mouse 
(Ecarot et al, 1992). 

Differences between HYP and oncogenic osteomalacia 

Based on the similarities of clinical presentation and evidence 
for humoral involvement in both conditions, it has been 
proposed that the same factor may be responsible for both 
oncogenic osteomalacia and HYP (Econs & Drezner, 1994; 



Hewison, 1994; Rowe, 1994). There are some differences, 
however, between the two conditions. In clinical presentation, 
dental abnormalities, particularly tooth abscesses, are common 
in patients with HYP but have not been described in oncogenic 
osteomalacia. In HYP the level of l,25(OH) ; D is normal, but 
not low or undetectable, as described in many cases of 
oncogenic osteomalacia. The abnormalities of 1,25 (OH^D 
metabolism appear to differ in the two conditions. In oncogenic 
osteomalacia there is evidence for inhibition of 250HD 1-a- 
hydroxylase (Drezner et aL 1982; Miyauchi et al, 1988) 
whereas in Hyp mice elevated catabolism of l,25(OH) 2 D due 
to increased activity of renal 25 (OH)D-24-hydroxylase (24- 
hydroxylase) has been shown. In Hyp mice, catabolism is 
further elevated following phosphate deprivation resulting in 
reduced concentrations of 1,25 (OH) 2 D (Tenenhouse & Jones, 
1990). 

Involvement of renal sodium-dependent phosphate (Na/Pi) 
type II cotransporters may also differ between HYP and 
oncogenic osteomalacia. These transporters, which include 
NaPi2(rat) and NaPi4(OK cell), are largely responsible for 
proximal tubular phosphate reabsorption and its regulation by 
PTH and by phosphate deprivation (Murer & Biber, 1996). 
Reduced levels of NaPi2 mRNA and protein have been 
demonstrated in the proximal tubules of Hyp mice compared 
with controls (Collins & Ghishan, 1994; Tenenhouse et al, 
1994). These findings were confirmed in Gy mice by one group 
(Beck et al, 1996) although another group could not 
demonstrate reduced NaPi2 mRNA levels (Collins & Ghishan, 
1996). In our laboratory we have detected no changes in 
expression of NaPi4 mRNA in OK cells in response to 
oncogenic osteomalacia tumour conditioned media with 
phosphate uptake inhibitory activity (unpublished data). 

Implications of the identification of PEX as the candidate 
gene for HYP 

The hypothesis that a single common humoral factor may 
explain both HYP and oncogenic osteomalacia has now been 
challenged by the identification of PEX as the candidate gene 
for human HYP (Francis et al, 1995). The PEX gene has strong 
homology to a family of neutral, membrane-bound endopepti- 
dases. Mutations identified in patients from HYP families 
include large deletions, suggesting that the gene is not 
functional in affected individuals. The mouse Pex gene has 
also been isolated (Du et al, 1996) and deletions in the 3* 
region identified in the Hyp mouse and in the 5' region in the 
Gy mouse (Strom et al, 1997). In many families with HYP, no 
mutation in the coding sequence has been found to date (Holm 
et al, 1997; Rowe et al, 1997). Mutations may occur in 
upstream sequence, which is also deleted in the Gy mice, which 
may affect regulation of PEX. A number of possible pathways 
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involving PEX in the pathogenesis of HYP have been proposed 
(Econs, 1996; Nesbitt & Drezner, 1996). 



Hypotheses for the mechanism of HYP and 
oncogenic osteomalacia 

Unifying hypotheses for how the PEX gene may explain 
HYP and oncogenic osteomalacia 

Based on the homology of PEX with the neutral endopepti- 
dases, it is likely that the PEX gene product activates or 
inactivates another protein. One hypothesis (Fig. la) is that 
membrane-bound PEX endopeptidase normally inactivates a 
hormone, possibly produced in the liver, that inhibits renal 
phosphate uptake and regulates renal 1 ,25 (OH) 2 D metabolism, 
either by inhibition of synthesis by 250HD 1 ^-hydroxylase or 
by increased catabolism by 24-hydroxylase. Lack of functional 
PEX endopeptidase in HYP would lead to an increased plasma 
concentration of the hormone and therefore to increased 
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inhibition of renal phosphate uptake and to lower than expected 
l,25(OH) 2 D concentrations. In oncogenic osteomalacia there 
may be inappropriately high secretion of the hormone by the 
mesenchymal tumour, also leading to renal phosphate wasting 
and reduced level of L25(OH) 2 D. Evidence in favour of this 
hypothesis is provided by the recent report of production of a 
phosphate uptake inhibitory factor Cphosphatonin) by hepa- 
tocytes of Hyp mice (Nesbitt & Drezner, 1996). 

A related hypothesis (Fig. lb) can be proposed in which 
there is normally constitutive production of the hormone 
which is inactivated by PEX in a number of mesenchymal 
tissues, including bone and teeth. Lack of functional PEX, 
leading to an increased level of the hormone in bone, could 
lead to local effects on osteoblast metabolism and bone 
formation. This is consistent with the intrinsic defects 
observed in osteoblasts in Hyp and with the demonstration 
that conditioned medium from Hyp mouse primary osteoblast- 
like cultures inhibited phosphate uptake by mouse proximal 
tubular cells (Lajeunesse et aL 1996). Expression of PEX/Pex 
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mRNA has been reported in a range of human foetal and adult 
mouse tissues (Beck et aL. 1997). The expression appeared to 
be at low levels and to be predominantly in bone. These 
studies did not detect expression in kidney or liver. In 
oncogenic osteomalacia, either a somatic defect in the PEX 
gene in the mesenchymal tumour, or increased production of 
the hormone by the tumour, could result in an increased level 
of the active hormone. 

A second hypothesis is that PEX activates a stimulator of 
renal phosphate uptake. In HYP, lack of functional PEX would 
lead to a reduced level of active hormone and therefore to loss 
of phosphate by the kidney. It is possible that human 
stanniocalcin, which stimulates renal phosphate uptake in rats 
(Olsen et aL. 1996), may also have the same effect in humans. 
We were unable, however, to detect hybridization of oncogenic 
osteomalacia tumour cell RNA to a probe for human 
stanniocalcin on Northern blot analysis (Nelson et aL, 1996a). 
Furthermore, this hypothesis does not explain the presence of a 
factor that inhibits renal phosphate uptake in conditioned media 
from oncogenic osteomalacia tumours. 

Other possibilities for the mechanism of HYP and of 
oncogenic osteomalacia 

It seems likely that even if one of these hypotheses is the basis 
of the mechanism for HYP and oncogenic osteomalacia the 
mechanism may be more complex, as neither clearly explains 
all the observed data. 

The hypotheses of activation or inactivation of a phosphate 
regulatory hormone by membrane-bound PEX endopeptidase 
do not easily explain the results of parabiosis experiments with 
Hyp mice. It might be expected that functional PEX in the 
normal mouse would inactivate the excess phosphate wasting 
hormone, or activate the phosphate conserving hormone from 
the Hyp mouse. Parabiosis of Hyp to normal mice did not 
normalize the Hyp phenotype, however, and the defect was also 
transferred to the normal mice. It is possible that the increased 
load of the substrate from the affected mouse may have 
exceeded the threshold of the normal mouse endopeptidase or 
that the circulating hormone acted on end organs such as the 
kidney and bone before inactivation at another site in the 
normal mouse. 

The hypotheses also do not explain the differences 
previously described between HYP and oncogenic osteo- 
malacia in clinical presentation and abnormalities of 
l,25(OH) 2 D metabolism. The relationship between the renal 
phosphate wasting and the abnormalities in vitamin D 
metabolism in both conditions is also unknown. These may 
both result from separate direct effects of a single hormone, via 
a common signalling mechanism, or via two different 
hormones. 



Conclusion 

At this stage therefore it is not clear how mutations in the PEX 
gene explain X-linked hypophosphataemic rickets in humans. 
Although there are many phenotypic similarities between 
oncogenic osteomalacia and HYP, it is also not clear how 
HYP and mutations in the PEX gene relate to oncogenic 
osteomalacia. What cannot be excluded is that a hormone with 
no role in HYP may be secreted in oncogenic osteomalacia and 
result in renal phosphate wasting and a low level of 
l,25(OH) 2 D. Studies from tumour cell lines that produce a 
phosphate uptake inhibitory factor may provide crucial insights 
into this interesting syndrome and possibly reveal a new 
phosphate regulating hormone. 
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SUMMARY Mutations in PEX, a phosphate-regulating gene with homology to endopepti- 
dase on the X chromosome, were recently identified in patients with X-linked hypophos- 
phatemia (XLH), an inherited disorder of phosphate homeostasis characterized by growth 
retardation and rachitic and osteomalacic bone disease. To understand the mechanism by 
which loss of PEX function elicits the mutant phenotype, a study of its mRNA localization 
and ontogenesis was undertaken. Using the reverse transcriptase-nested polymerase chain 
reaction (RT-nested PCR) with polyA + RNA purified from mouse testis, a 337-bp Pex cDNA 
fragment was generated and cloned in the pCRII plasmid. The cDNA was used to generate 
sense and anti-sense Pex riboprobes for in situ hybridization (ISH) and Northern analysis. To 
survey a large number of different tissues, sagittal sections of embryos and newborn mice 
were examined. ISH showed the presence of Pex mRNA in osteoblasts and odontoblasts. 
Pex gene expression was detectable on Day 15 of embryonic development, which coincides 
with the beginning of intercellular matrix deposition in bones. Finally, Northern analysis of 
total RNA from calvariae and teeth of 3-day-old and adult mice showed that the abun- 
dance of the 7-kb Pex transcript is decreased in adult bones and in nongrowing teeth. The 
present study demonstrates that Pex mRNA is expressed in bones and teeth and suggests 
that this putative endopeptidase plays an important role in the development of these 
tissues. (J Histochem Cytochem 46:459-468, 1998) 
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A positional cloning approach was recently used 
to identify PEX (Phosphate regulating gene with ho- 
mologies to Endopeptidases on the X chromosome) as 
the candidate gene for X-linked hypophosphatemia 
(XLH) (The HYP Consortium 1995). XLH is a Men- 
delian disorder of phosphate homeostasis character- 
ized by growth retardation, rachitic and osteomalacic 
bone disease, hypophosphatemia, and renal defects in 
phosphate reabsorption and vitamin D metabolism 
(Rasmussen and Tenenhouse 1995). Two mouse mod- 
els, Hyp (Eicher et al. 1976) and Gy (Lyon et aL 1986), 
with phenotypic features that are similar to XLH pa- 
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tients have been described. In the Hyp mouse, the Pex 
gene harbors a deletion of its 3' end (Beck et al. 1997; 
Strom et al. 1997), whereas in the Gy mouse the pro- 
moter region and the first three exons are deleted (Strom 
et al. 1997). Studies of these mutant mice contributed 
greatly to our present understanding of the patho- 
physiology of the human disease. 

Human and mouse PEX/Pex cDNAs have now been 
cloned and sequenced (Du et al. 1996; Beck et al. 1997; 
Guo and Quarles 1997; Strom et al. 1997). Amino 
acid sequence comparisons have demonstrated struc- 
tural homologies between PEX/Pex and members of 
the neutral endopeptidase family as previously observed 
in the partial sequence of the candidate gene (The 
HYP Consortium 1995). The peptidases of the neutral 
endopeptidase family are Type II integral membrane gly- 
coproteins with a relatively short cytoplasmic N-termi- 
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Figure 1 Emulsion autoradiography 
showing ISH pattern for Pex mRNA at 
the anatomic level in a sagittal sec- 
tion from a mouse embryo at e1 6. A 
significant concentration of Pex mRNA 
is seen in developing bones (arrows) 
including calvaria (C), mandible (M), 
and ribs (R). Bar = 1 cm. 



nal region, a single transmembrane domain, and a long 
extracytoplasmic domain, which contains the active 
site of the enzyme. Known members of the neutral en- 
dopeptidase family include neutral endopeptidase-24.1 1 
(NEP), endothelin-converting enzymes (ECEs), and the 
erythrocyte cell surface protein KELL (for a review see 
Turner and Tanzawa 1997). NEP [also known as nep- 
rilysin, common acute lymphoblastic leukemia antigen 
(CALLA), CD 10, or enkephalinase] is a widely distrib- 
uted peptidase involved in the degradation of several 
bioactive peptides, such as the enkephalins, the atrial 
natriuretic peptides, and the endothelins (Turner and 
Tanzawa 1997). The ECEs are involved in the bioactiva- 
tion of Big endothelins into endothelins, but no func- 
tion has yet been attributed to KELL. 

The mechanism by which loss of PEX function elic- 
its the bone and renal abnormalities observed in XLH 
patients is not clear. There are no data suggesting the 
presence of PEX/Pex mRNA in the kidney (Du et al. 
1996; Beck et al. 1997; Grieffet al. 1997). In contrast, 
PEX/Pex mRNA was detected in bones by Northern 
blot hybridization and in other adult and fetal tissues, 
such as lungs, liver, muscles, and ovaries by RT-PCR 
and RNase protection assays (Du et al. 1996; Beck et 
al. 1997). 



To identify a specific role for PEX/Pex, we were in- 
terested first in its tissue and cell distribution. For this 
reason, using ISH we examined Pex mRNA temporal 
and spatial patterns of expression on sagittal sections 
of embryonic mice from Day 13 to 19 and in newborn 
mice. At this period of development, most tissues are 
already formed and many are functional. For exam- 
ple, the ossification process starts on Day 14.5 post 
coitum (Rugh 1991). We demonstrate by ISH that Pex 
mRNA is expressed in osteoblasts and odontoblasts 
and suggest a specific role for this putative peptidase 
in bone and tooth development. Northern analysis was 
used to examine the presence of Pex mRNA in adult 
mouse tissues. This analysis revealed decreased con- 
centrations of Pex mRNA in the adult bones and non- 
growing teeth. 

Materials and Methods 

Animals 

For ISH, we used unfixed, frozen tissues from fetuses of 
CD1 time-pregnant female mice. The fetuses were grouped 
according to embryonic age— 10, 11, 12, 13, 14, 15, 16, 17, 
18 and 19 intrauterine days of life (elO, ell, etc.) and post- 
natal Day 3 and 7 (p3 and p7) and were prepared as de- 



FinurP 2 Sites of Pex mRNA expression in primordium of mandibular bone (a) and vertebrae (b) at day e16, and incisor at e19 (c), at a eel- 

untebetedmesenc^ **own « ^ magnification in a'. The presence of Pex mRNA arrows) in ver- 

S ^SSSSSSLL, z P one (OZ) is shown in b. Note unlabeled ?2S£tSi 
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Figure 3 Sites of Pex mRNA expres- 
sion in developing mouse calvaria on 
e14 (a). e15 (b), e16 (c), e19 (d). and 
p3 (e). Labeling is seen as white spots 
on darkfield (arrows in a-f) and as 
black labeling on brightfield (arrows 
in a'-f }. (f) Control hybridization ob- 
tained with sense riboprobes. Bar = 
500 iim. 



Pex mRNA in Mouse Osteoblasts and Odontoblasts 

scribed (Marcinkiewicz et al. 1993). Whole embryos and 
newborn mice were rapidly removed, cooled in ice-cold PBS, 
embedded in Tissue-Tek OCT compound (Miles; Elkhart, 
IN) frozen at -30C in isopentane, and cut into 10-fim sec- 
tions. The sections were mounted on 0.5% gelatin -coated 
slides and stored at -80C. 

DMA Manipulations 

All DNA manipulations, including the reverse transcription 
from RNA, PCR, and cloning, were done according to stan- 
dard protocols (Sambrook et al. 1989; Ausubel et al. 1994). 
DNA sequencing was performed on double-stranded DNA 
(Tabor and Richardson 1987). 

Cloning of a Mouse Partial Pex cDNA 

To obtain a mouse Pex probe for ISH and Northern blot 
analysis, degenerate oligonucleotides corresponding to con- 
served regions among members of the neutral endopeptidase 
family were designed using the published human PEX gene 
sequence (The HYP Consortium 1995) and were used in an 
RT-nested PCR reaction with polyA + RNA purified from 
testis of CD1 mice (Charles River; Montreal, Quebec, Can- 
ada). The expected 337-bp DNA fragment was generated 
and cloned in plasmid pCRII (Invitrogen; Carlsbad, CA). Se- 
quencing of the DNA insert showed more than 97% identity 
with the human PEX gene sequence (The HYP Consortium 
1995) and it is identical to a DNA stretch spanning the re- 
gion between asparagine 454 and proline 566 of the pub- 
lished cDNA sequence of mouse Pex (Du et al. 1996; Beck et 
al. 1997; Strom etal. 1997). 

Preparation of cRNA Probes 

The pCRII plasmid containing the Pex cDNA fragment was 
linearized with Xhol and used as a template in an in vitro 
transcription assay to synthesize a single-stranded anti-sense 
RNA probe with SP6 RNA polymerase. For control, sense 
RNA probe was synthesized with T7 RNA polymerase after 
linearization of the plasmid with Kpnl. For ISH, Pex . ribo- 
probes were labeled with both [ 35 S]-UTP and [ 35 S]-CTP 
(1250 Ci/mmol; Amersham. Arlington Heights, IL) because 
very low mRNA levels were reported previously (The HYP 
Consortium 1995; Du et al. 1996; Beck et al. 1997 - For 
Northern blot analysis, probes were labeled with I FJ-U Ir 
(800 Ci/mmol; Dupont/NEN, Wilmington, DE). The 18S 
rRNA probe (a generous gift from Dr. M. Uhler) is of bovine 
origin and strongly cross-hybridizes to a number of different 
mammalian species. 

In Situ Hybridization 

ISH was undertaken using RNase-free solutions, starting 
with frozen cryostat tissue sections that were slowly im- 
mersed in cold formaldehyde in 0.1 M phosphate buffer (pH 
7 2) and maintained in this solution for 45-60 min, then 
washed extensively with PBS. The tissues were treated for 1 0 
min with acetic anhydride in 0.1 M TEA. After dehydration 
with alcohol, the tissue sections were dried and then incu- 
bated overnight at 55C with a hybridization solution con- 
sisting of 75% formamide, 10% polyethylene glycol, 3 X 
SSC (1 X SSC = 0.15 M NaCl, 0.015 M Na citrate, pH 7.2), 
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50 mM phosphate buffer, pH 7.2, 1 X Denhardt's (made 
from 50 X stock solution: 1% Ficoll, 1% polyvinylpyrroli- 
done, and 1% bovine serum albumin in water), 0.5 mg/ml 
yeast tRNA, and 0.1 mg/ml sonicated denatured salmon 
sperm DNA. To increase the signal/noise ratio, the dithio- 
threitol (DTT) concentration was set at 200 mM (Miller et 
al 1993). After hybridization, the sections were washed se- 
quentially in 2 X, 1 X, 0.5 X, and 0.1 X SSC containing 10 
mM DTT for 10, 15, 20 and 60 min at 20C, 20C, 50C, and 
55C, respectively. After the washing step in 1 X SSC, the 
sections were incubated with RNase A at 200 u-g/ml for 30 
min at 37C to remove unbound cRNAs. Sections were then 
dehydrated in a series of alcohol baths and dried. Hybridiza- 
tion was examined on X-ray film (exposure time 5 days), fol- 
lowed by autoradiography using NTB-2 emulsion (Kodak; 
Rochester, NY) for 30 days at 4C and development in D19 
solution (Kodak). The sections were stained with hematoxylin- 
eosin and viewed under dark- and brightfield illumination. 
Some observations were done using Nomarski's attachment. 

Alkaline Phosphatase Activity 

Localization of alkaline phosphatase activity (Roach and 
Shearer 1989) was performed with an azo dye coupling 
method (Alkaline Phosphatase Substrate Kit, cat. # SK-5300 
Vector Blue) as recommended by the manufacturer (Vector 
Laboratories; Burlingame, CA). 

RNA Extraction and Northern Blot Analysis 
Northern blot analysis was performed using total RNA from 
newborn and adult calvariae and teeth, and from newborn 
brain, lung, and liver. For this purpose, the frozen tissues 
were mixed with TRIzol Reagent (Life Technologies/Gibco- 
BRL; Burlington, Ontario, Canada) and disrupted with a 
Polytron. Total RNA was extracted according to Chomczyn- 
ski (1993), as recommended by the manufacturer. As esti- 
mated by spectroscopy at 260 nm, 16 ^g of total RNA sam- 
ples was loaded per lane in 1% agarose gel containing 20 
mM HEPES, pH 7.8, 1 mM EDTA, and 6% formaldehyde. 
After electrophoresis, the RNA was transferred from the gel 
to a nylon membrane and fixed to the filters by long-wave 
uv irradiation. The filters were prehybridized at 65C for 90 
min in a solution composed of 5% SDS, NaP0 4 0.4 M pH 
7.2, EDTA 1 mM, 0.1% BSA, 50% formamide (Gibco/BRL) 
and were hybridized overnight at 65C in the presence of the 
pPl-UTP-labeled cRNA probe. After hybridization, the fil- 
ters were washed in 0.1 X SSC, 0.1% SDS, 1 mM EDTA at 
70C for 2 hr and exposed at -70C for 6 days to X-ray film 
(Kodak) with an intensifying screen. Once the exposure step 
was completed, the blots were boiled in 0.1% SDS, 1 mM 
EDTA for 10-15 min and re-probed with 18S rRNA. 



Results 

Pex ISH at Anatomic Resolution in Mouse Embryo 
The Pex expression pattern was analyzed by ISH using 
anti-sense riboprobes on histological sections obtained 
from embryonic and postnatal mice (Figures 1-5). ISH 
at anatomic resolution was examined after emulsion 
autoradiography on embryonic Day 16 (el 6) (Figure 
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Figure 4 Sites of Pex mRNA expression 
in mandible bone on e14 (a), e15 (b), 
e16 (c), el 9 (d), and p3 (e) (short ar- 
rows). The presence of Pex mRNA is also 
evident in developing incisor (long ar- 
rows) on e19 (d). A second molar at an 
early stage of development is unmarked 
(open arrow in e). The same sections are 
shown after hematoxylin-eosin stain* 
ing (a'-f). Area delineated by four 
arrowheads in c' is shown at higher mag- 
nification in Figure 2a. (f) Control hy- 
bridization obtained with sense ribo- 
probes. Bar = 500 jim. 
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1). Pex mRNA was readily detectable in regions of 
calvaria, mandible, and ribs. Although not apparent in 
Figure 1, the vertebrae and long bones also contained 
Pex mRNA on el 6, whereas later, around birth, Pex 
mRNA could also be detected in developing teeth. Over- 
all, Pex mRNA was localized within alkaline phos- 
phatase territory (not shown). Controls were performed 
with sense riboprobes, which produced nonspecific 
background elevated in skin (see also Figures 3d and 
4d) and skeletal muscles (not shown). Other tissues, 
including kidney, lung, liver, and brain, were negative. 

Pex mRNA in Osteoblasts 

To identify cells synthesizing Pex mRNA, representa- 
tive tissues were examined under higher microscopic 
magnification. Figures 2a and 2a', which are higher 
magnifications of the area shown in Figure 4c, demon- 
strate the presence of Pex mRNA on e 16 in mandibu- 
lar intramembraneous ossification centers. This topo- 
graphically heterogeneous region is composed of an 
ossification zone (OZ) characterized by the presence 
of (a) a bone extracellular matrix with a dense cell 
population on the border zone and (b) an undifferenti- 
ated mesenchyme (M). ISH revealed the presence of 
Pex mRNA within cells bordering bone extracellular 
matrix. This topography suggests that Pex-expressing 
cells are osteoblasts. The majority of osteoblasts dis- 
play Pex ISH labeling (Figure 2a'). 

Hybridization sites were also identified in vertebral en- 
dochondral ossification centers (Figure 2b). Pex mRNA 
was seen within an ossification zone (OZ) adjacent to 
an unlabeled calcified zone (CZ) and the cartilage (Ca). 
Bone extracellular matrix was well delineated within 
OZ, with a significant concentration of Pex-labeled 
cells on a border zone. There was no apparent hybrid- 
ization labeling outside of OZ. 

Pex mRNA in Odontoblasts 

Within tooth, Pex mRNA was concentrated in the layer 
of odontoblasts (Od) (Figure 2c, which represents a 
higher magnification of the area shown in Figures 5b 
and 2c'). In contrast, the layer of ameloblasts (Am) 
and the stellate reticulum of the enamel organ (SR) were 
unlabeled. Because the dentino-enamel matrix separates 
the odontoblast epithelium from the ameloblast epithe- 
lial layer, the cell population expressing Pex mRNA is 
particularly well-defined in this tissue. 

Pex mRNA Ontogeny 

To determine temporal and tissue-specific patterns of 
Pex gene expression, the calvaria, mandible, and teeth 
were examined at the stages preceding and following 
the onset of chondrification (ell), ossification (el 4.5), 
and odontogenesis (el 4). ISH results are shown in Fig- 
ures 3-5. 



Figure 3 shows the presence of Pex mRNA in the 
calvaria from el 5 to p3. Although rudimental calvaria 
is already visible on el 4 (Figures 3a and 3a') , Pex 
mRNA is not detectable at this time but is evident 
thereafter. It is worth noting the presence of bone ex- 
tracellular matrix within rudimentory calvaria at el 5 
but not el 4. This matrix was seen as a deposition of 
acellular eosinophilic material along and within a space 
delineated by a front of osteoblasts (data not shown). 
Pex mRNA remains present in the calvaria during 
later gestation and early postnatal development. 

Figure 4 depicts Pex mRNA distribution in the 
mandible from el 5 to p3. Despite the absence of the 
bone extracellular matrix, which is not present early 
on, the rudiments of the mandible bone are evident by 
el 4. Similar to calvaria, a dramatic elevation of Pex 
mRNA is evident on el 5 (Figure 4b). Pex mRNA re- 
mains present until p3. 

In addition to bones, Pex mRNA labeling can be 
observed in both incisors and molars, although the on- 
set of expression varies with time of tooth develop- 
ment (Figures 4 and 5). All teeth shown in Figure 5 are 
from the same section of el9 mouse and include one 
molar (Figures 5a and 5a'), one inferior incisor (Fig- 
ures 5b and 5b'), and one superior incisor (Figures 5c 
and 5c'). Incisors are strongly labeled, whereas rudi- 
mental molars not. The presence of dental extracellu- 
lar matrix was noted within the two incisors but not in 
the molar. In addition to incisors, first molars showed 
PEX mRNA labeling on p3, whereas second molars 
were positive on p7 (results not shown). 

Characterization of Pex mRNA in Adult Bone 
and Teeth 

To verify the presence of Pex mRNA in adult mouse, 
Northern analysis was performed with total RNA ob- 
tained from p3 and adult tissues. A Pex transcript of 
approximately 7 kb was detected in calvariae and 
teeth (Figure 6). With 18S RNA as an internal control 
for mRNA loading, it is clear that PEX mRNA levels 
in calvariae are higher on p3 than in adulthood. Pex 
mRNA was observed in p3 and adult teeth. Knowing 
that incisors, but not molars, present continuous growth 
in rodents, we isolated total RNA from adult incisors 
and molars and compared their levels of Pex mRNA. 
This comparison demonstrated that adult incisors ex- 
press higher mRNA levels of Pex than adult molars. 
Pex mRNA was not detectable in newborn lungs, 
liver, and brain by Northern analysis. 



Discussion 

This report provides histochemical evidence for Pex 
mRNA expression in murine embryonic and postnatal 
bones and teeth. In these tissues, Pex mRNA was de- 
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Pex mRNA in Mouse Osteoblasts and Odontoblasts 
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Figure 6 Northern blot analysis of Pex mRNA levels in mouse p3 

brain.' W IK I ribosomal RNA shown after hybridizafon w.th 18S 

cRNA probe. 



tected in osteoblasts and odontoblasts, respectively. 
With both ISH and Northern analysis, bones and teeth 
were the only tissues in which the presence of the Pex 
mRNA could be detected, suggesting that these two 
tissues are privileged sites for Pex expression in the 
developing mouse. A significant concentration of Pex 
mRNA was also detected in adult incisors, which grow 
continuously in rodents, whereas in adult calvariae and 
in nongrowing molars Pex mRNA expression appeared 
to be considerably lower. Taken together, these data 
suggest a role for Pex in the development of bones and 
teeth 

Osteoblasts and chondroblasts/chondrocytes are im- 
portant cell components of developing bone. Major 
products of osteoblasts and chondrocytes are the ex- 
tracellular matrix of bone and cartilage, respectively. 
The bone extracellular matrix is composed of 9U/o 
collagen and 10% noncollagenous proteins (Desbois 
and Karsenty 1995; Nefussi et al 1997). including os- 
teocalcin, osteopontin. bone sialoprotein, and osteonec- 
tin Our ISH results provide evidence for the presence 
of Pex mRNA in osteoblasts, localized in close prox- 
imity (border zone) to the extracellular matrix, sug 
gesting that Pex may play a role in matrix elaboration, 
aeposftion, and/or mineralization. In addition, we denv 
onstrate a temporal relationship between the onset of 
Pex mRNA expression and the onset of matrix deposi- 
tion Although not identical to the situation observed 
during bone development, Pex mRNA expression in 
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teeth also suggests a striking correlation with matrix 

^Ourresults are in concordance with the clinical fea- 
tures of Hyp and Gy mice, which harbor large dele- 
tions in the Pex gene (Beck et al. 1997; Strom et al. 
1997) Both mutant animal models exhibit abnormali- 
ties in bone and tooth formation, including rickets, os- 
teomalacia, and formation of an interglobular dentin 
(Eicher et al. 1976; Lyon et al. 1986; Abe et al 1992). 
In Hvp mice, mineralization of bone extracellular ma- 
trix is delayed (Ecarot-Charrier et al. 1988; Ecarot et 
al 1992). Therefore, loss of Pex function appears to 
be responsible for the bone mineralization defect in 
Hvp mice. The precise mechanism by which Pex may 
regulate mineralization of the extracellular matrix is 
unclear. However, the Pex protein structure suggests 
that it may function as a peptidase (The HYP Consor- 
tium 1995; Turner and Tanzawa 1997). Therefore, 
one can postulate that Pex is a key component con- 
troling the bioactivity of one or several peptides influ- 
encing osteoblast and odontoblast proliferation and/ 
or differentiation. It may also be involved in proteoly- 
sis of extracellular matrix proteins. In this regard, an 
interesting candidate is osteocalcin, a 46 amino-acid 
peptide produced and secreted exclusively by osteo- 
blasts and odontoblasts (Desbois et al. 1994; Desbois 
and Karsenty 1995). Studies performed with knockout 
mice suggest that osteocalcin interferes with the min- 
eralization process (Ducy et al. 1996), a finding com- 
patible with the plasma levels of osteocalcin in Hyp 
mice relative to normal mice (Gundberg et al. 1994- 

Like patients with XLH, both Hyp and Gy mutant 
mice develop hypophosphatemia secondary to impaired 
renal phosphate reabsorption (Rasmussen and Tenen- 
house 1995). The relationship between the renal phos- 
phate transport defect in XLH, Hyp, and Gy mice and 
the loss of Pex function is not clear. A possible role of 
PEX/Pex may be to metabolize a heretofore unidenti- 
fied circulating peptide hormone involved in i regula- 
tion of renal phosphate transport and phosphate ho^ 
meostasis. A factor that inhibits phosphate uptake by 
normal mouse proximal tubule cells in primary cul- 
ture was recently reported in Hyp mouse serum (La- 
jeunesse et al. 1996), a finding consistent with data 
from parabiosis experiments between normal and Hyp 
mice (Meyer et al. 1989) and kidney cross-transplan- 
Zln studies in Hyp vs normal mice QfeUtt et aL 
1992). This hypothetical phosphatide factor has not 
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yet been identified and its source has not been estab- 
lished. We suggest that osteoblasts and odontoblasts 
may be involved in the inactivation of this hypotheti- 
cal factor. Alternatively, Pex could be involved in the 
processing of an inactive precursor into a bioactive 
peptide that stimulates phosphate reabsorption by the 
kidney. 

In conclusion, we demonstrate the presence of Fex 
mRNA in both embryonic and adult bones and teeth. 
Cells expressing Pex have been identified as osteo- 
blasts and odontoblasts. Therefore, Pex could be a 
useful marker for these two cell types. In adult bones, 
the levels of Pex mRNA were lower than those in em- 
bryos. In adult teeth, Pex mRNA concentration re- 
mained elevated in incisors and was lower in molars. 
These results suggest that Pex is involved in the devel- 
opment of bone and tooth tissues. 
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Cellular/molecular control of renal Na/P,-cotransport. A type II Na/P r 
cotrunsporter located in the brush border membrane is the rate limiting 
and physiologicaliy regulated step in proximal tubular phosphate (Pj) 
reab^rption Jn states of ultered P r rcabsorpt ion [for example, in response 
to parathyroid hormone (PTH) and to altered dietary intake of ? x or as a 
consequence of genetic abnormalities], brush border expression of the 
type 1 1 Na/^-cotransporter is accordingly modified. PTH initiates a 
regulatory cascade leading to membrane retrieval, followed by lysosomal 
degradation of this transporter; recovery from inhibition requires its de 
novo synthesis, ^-deprivation leads to an increased brush border expres- 
sion of transporters that does not appear to require de novo synthesis in 
the short term;; P ( -overload leads toj membrane retrieval and degradation 
of transporters. Finally, in animals with genetically altered P,-handling 
1 ffie type II Na/P r 

cotransporter is also reduced, su^estihg that a genetically altered protein 
(such as PEX in Hyp) controls the expression of this transporter. 



Renal proximal tubular P r reabsorption is a key component in 
overall P r homeostasis [1,2], Different in vivo and in vitro studies 
(such as tubular microperfusion and studies with membrane 
vesicles) suggested that a brush border membrane Na/Pj-cotrans- 
porter determines proximal tubular transepithelial transport rate 
and is therefore also the main target in physiological/pathophys- 
iological altered P r reabsorption [reviewed in 2-6]. Recently, 
different Na/Pj-cotransporters have been structurally identified 
('cloned'). Using specific cDNA probes and antibodies it could be 
documented that altered expression of a brush border membrane 
type II Na/Pj-cotransporter satisfactory explains physiologically 
and pathophysiological^ altered P r reabsorption [reviewed in 
7-10]. 

In this review we briefly summarize the present knowledge of 
different mammalian Na/Pj-cotransporters, the molecular and 
functional properties of the renal proximal tubular type II Na/P r 
cotransporter, and the cellular mechanisms involved in the control 
of altered brush border expression of this transporter. 

'CLONING* OF DIFFERENT MAMMALIAN 
Na/Pg-COTRANSPORTERS 

Our laboratory was the first to isolate by expression cloning 
techniques (Xenopus laevis oocytes) cDNAs related to renal 
Na/Pj-cotransporters. NaPi-l was isolated from rabbit [11] and 
NaPi-2 and NaPi-3 were isolated from rat and human kidney 



Key words: proximal tubule, endocytosis, Pphomeostasis, expression clon- 
ing, kinetic characterization. 
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cortex cDNA libraries, respectively [12]. Detailed sequence com- 
parisons indicated that NaPi-l and NaPi-2/3 are different pro- 
teins. Therefore, we have introduced the nomenclature type I 
(NaPi-l) and type II Na/Pi-cotransporters (NaPi-2/3) [7, 8]. Ho- 
mologues of NaPi-1 and therefore type I transporters have been 
identified in kidneys of different species (rats, rNaPi-1 [13]; 
humans, NPT-1 [14]; mice, NpM [15]) and in brains of rats 
(rBNPI [16, 17]) and humans (hBNPi [18]). Homologues of 
NaPi-2/3 (that is, type II Na/Pj-cotransporters) were isolated from 
opossum kidney cells (NaPi-4 [19]), from the bovine renal epithe- 
lial cell line NBL-1 {20], from flounder kidney and intestine 
(NaPtt [21, 22]), from rabbit kidney (NaPi-6 [23]) and from 
mouse kidney (NaPi-7 [24, 25]). Two additional Na/Pi-cotrans- 
porters have been recently identified and can be classified as type 
HI. Both are high affinity Na/Pi-cotransporters: G/vr-7, the recep- 
tor for gibbon ape leukemia virus and feline leukemia virus B, and 
Ram-U the receptor for ectotropic murine leukemia vims. They 
have been named by the authors as PiT-1 and PiT-2, respectively 
[26-291. ; 

MOLECULAR AND FUNCTIONAL PROPERTIES OF THE 
TYPE II Na/Pj-COTRANSPORTER V 

In any expression cloning strategy that starts with mRNAs and 
cDNA-libraries originating from a heterogenous tissue source, it 
is important to document the appropriate cellular location of the 
mRNA and the encoded protein. Pit-1 arid Pit-2 (type III Na/Pj- 
cotransporters) are widely ditsributed; however, their precise 
location in the kidney has not been determined [26, 29]. On the 
other hand, the type I and type II Na/Pj-cotransporters are 
preferentially located in the kidney, Reverse transcription-poly- . 
merase chain reaction (RT-PCR) on microdissected tubules and 
in situ hybridizations indicated an almost exclusive proximal 
tubular location, and studies using specific antibodies showed 
proximal tubular brush border location of NaPi-I and NaPi-2 (for 
NaPi-2 see Fig. 1) [15, 24, 30-33]. 

Little information is available on the molecular structure of the 
Na/Pi-cotransporters; hydropathy analysis suggests the presence 
of several /ra/?s-membrane domains, such as at least 10 for PiT-1/2 
(type III) [26-29], 6 for NaPi-l (type I) [7, 8, 11], and 8 for type 
II (see Fig. 1 for NaPi-2) [7, 8 T 12]. For NaPi-2, site directed 
mutagenesis experiments suggested that two major gtycosylation 
sites are used (Fig. 1) [34]. Glycosylation of the transporter might 
be required for its biosynthesis and membrane delivery but seems 
not to be crucial for transport activity [34]. Radiation inactivation 
experiments and electrophoretic separations under reducing and 
non-reducing conditions suggested that the functional type II 




Na/P r cotransporter could be a homotetramer. Disulphide bonds 
seem' to be involved in forming the multimeric structure, as well as 
in linking two polypeptides of the 'monomeric' forrri together that 
can be cleaved under in situ conditions [35, 36]. 

As type I and type II Na/P r cotransporters have been identified 
based on the measurements of sodium dependent P r transport 
into oocytes [11, 12], they fulfill one of the criteria to be 
P r transporters. However, the possibility had to be considered that 
they may also activate an oocyte intrinsic' P r transport property. 
Therefore, additional criteria were required to document their 
identity as renal brush border membrane Na/Pj-cotransporters. 
For the type 1 and type II transporters the 'correct' cellular/ 
intracellular location is good evidence for such functional identity 
(see above).. A detailed comparison of kinetic properties of brush 
border membrane Na/P r cotransport function with those observed 
after expression of cRNAs in oocytes showed that only the type II 
Na/Pj-cotransporter meets the required transport characteristics 
(such as, affinity for sodium and phosphate, respectively, and in 
particular pH-dependence) [3, 4, 7, 8, 11, 12, 37-39]. Although 
identified on the basis of its *P r transport function; it was inter- 
esting to find that NaPi-l (type I) might primarily operate as an 
anion channel permeable to chloride and a variety of organic 
anions. [39]. Finally, PiT-1 and PiT-2 are not only found in a 
variety of nonrenal tissues, but their affinity for P t is in a 
micromotor range (-20 /im), an affinity not compatible with 
known brush border P r transport function [26, 29], 

In addition to its initial transport characterization in tracer 
studies, the cloned type II Na/P r cotransporters (NaPi-5 and 
NaPi-2) have recently been extensively characterized after expres- 
sion in oocytes and by measurements of transporter induced 
steady and presteady state currents (Fig. 2) [38, 40; I. Forster et al. 



manuscript in preparation]. Similar to the pioneering studies on ; ; 
the/cloned* sodium-glucose cotransporter [41, 42], the oreration 
of the type II Na/P--cotransporter can be described by a scheme , 
involving transitions between at least six states. We incorporate 
two Na-binding steps in our model accounting for the effects of 
sodium on P r affinity as well as on V llias of the transporter [40]. 
Presteady state kinetic measurements indicate thai t|e only 
voltage dependent steps in the transport, cycle arise from the 
translocation of the unloaded carrier, assumed to be negatively 
charged, and from the first Na-binding (6 ~- 1 ; 1 ~ 2) [40; and 1 . 
Forster, manuscript submitted for publication]. As an extension to 
the scheme given in Figure 2 we recently obtained evidence for a 
small slippage of the carrier loaded only with sodium (NaCo in 
Fig. 2; I Forster, to be published). At present there is no 
information on the sequence of events occurring at the internal 
membrane surface (mms-side) because in intact oocytes modifi- 
cations of internal substrate concentrations arc not feasible. 

REGULATION OF THE TYPE II Na/P r COTRANSPORTER 

As discussed above the type II Na/Pi-cotransportcr fulfills the 
characteristics consistent with being the main - brush border 
membrane Na/Prcotransporter. This conclusion is further sup- 
ported by different studies related to the regulation of renal 
P -reabsorption and performed with intact animals and with tissue 
culture cells (opossum kidney cells; OK-cells; see below) [re- 
viewed in 7-10]. In these studies it was found that different states 
of altered P -transport are associated with altered expression of 
the type II Na/P^otransporter [23, 24. 43-59]. Given the size 
limitation of this review we concentrate on two regulatory phe- 
nomena: the parathyroid hormone (PTH) and the ^-deprivation/ 
overload. 
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Parathyroid hormone regulation 

Parathyroid hormone is a potent inhibitor of proximal tubular 
Na/Pi cotransporter. Its effect is associated with a reduction in the 
V ma)( of brush border membrane Na/P r cotransport (reviewed in 
1-^4]. Transport studies in opossum kidney cells (OK-cells) were 
very useful for understanding the cellular mechanisms involved in 
this line has preserved properties of 

vprcmmall tub^ such as expression of an apically 

located type II Na^ and its PTH inhibi- 

tioii ;[19, : 60, 61]; Secular identification of the renal PTH- 
receptor suggested that PTH action might involve activation of 
adenylate cyclase and phospholipase C as initial steps [62, 63]. In 
proximal tubules as inOK-cellsv PTH-action can be mimicked by 
pharmacological activation of the protein kinase A pathway [64, 
65; reviewed in 3, 4]. Studies on OK-cells provided evidence that 
activation of protein kinase C in addition to protein kinase A is 
also involved in mediating the PTH effect [64-66; reviewed in 3, 
4], It is, however, completely unknown at which intracellular step 
(such as at the transporter itself) the kinase(s) exert 'their action/ 
Studies on the action of PTH in OK-cells provided evidence for 
the involvement of an endocytic step followed by digestion of the 
Na/I^^ *e- 

%ei^^ tne 
J ir^ Immunofluorescence stud- 

H ies with rats provided direct evidence for a PTH-induced retrieval 
I of Na/P|*cotransporters from the brush border membrane, and 



Fig. 2. Kinetic model of type II Na/P,- 
cotransporter. The model is based on 
electrophysiological studies of type II NaPi- 
cotransporters (NaPi-2 and NaPi-5) expressed 
in oocytes. Under normal physiological 
conditions the transporter cycles anticlockwise. 
A first Na-binding is followed by Printeraction 
and additional interaction w^^^ than one 
sodium ion. It is assumed that release of 
sodium and ^ at the inner membrane surface 
occurs in the reverse mode (mirror symmetry). 
The shaded transitions ( I *+ 6, and 1 «-» 2) 
represent voltage dependent steps. A Na-leak 
(slippage) via the partially Na-loaded carrier 
has recently been identified, but accounts only 
for a very minor fraction of Na-flux via this 
transporter (for further discussion see text). 
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Fig. 3. Evidence for the involvement of internaliiation/digestion in para- 
thyroid hormone (PTH)^ontrol of the Na/P^cotransporter in opossum 
kidney (OK)-ceils. The recovery of transport activity from PTH-inhibrtion 
is prevented by blocking protein-synthesis with cycloheximide (for further 
discussion, see text). 
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linked, such as represented by the murine Hyp and Cy homo- 
logues of X-linked hypophosphatemia (XLH) {74-76]. The gene 
structure and chromosomal location of the type II Na/P 4 <otrans- 
porter has recently been determined for the murine; human and 
for the opossum kidney cell isoforms. respectKely [77; 78; H. 
Hilfiker and H. Murer- manuscript in preparation}. The type II 
Na/Pi-cotransporter has been mapped to human chromosome 
band5q35 [79, 80], and the type I Na/Pj^otransporter to 6p23 -* 
p213 [14]. This location excludes a 'direct' role of these genes in 
the X-linked disorders; but places them as candidates for being 
affected in autosomal alterations in renal P r handling, especially 
the type II transporter. The gene organizations of the type II 
Na/Pi-cotransporters in human, mouse and (as far as determined) 
in opossum kidney cells are highly conserved. In humans and mice 



^ . . l 

i | ; ^ to occur. A most important question is also 

related to ^ of the intracellular 

% si^lingcascade producing at the level of the transporter itself or 
i at the level of an associated regulatory protein the. required for 
v intemalization/degradation alterations (such as phosphorylation). 

5 GENETIC ALTERATIONS IN PROXIMAL TUBULAR 
I P r HANDLING 

^tSi disorders in P r homeostasis have been 
fj ^ii^^d^iA may involve the renal proximal tubular P r reabsorp- 
r type II Na/P^otranspprter [74-76]. 

| ^TT^^efec ; t5 are autosomal in nature [for example, hereditary 
v hypojphosphatemic rickets with hypercalcuria (HHRH)] or X- 
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is retrieved from ; the inentin^i^ 
transieouy;in ^ 

dense apical tubules; LEY, lar^ endpeytk 
vesides; SEV, small endocytk N^sicfes) and 
finally Is degraded in the tysosqmes (Ly). For 
• up-regulation the transporter can be inserted 
acutely' into the brush border membrane by a 



/chronic* conditions require iie novo synthesis. 
There is at present no evidence to a 
fertilization of internalized transporters. For 
further discussion see text. 



the genes are approximative^ 16 kb and are comprised of 13 
exoris and 12 introns, with intron/exon boundaries located at the 
corresponding' positions of the encoded proteins [77, 78; H. 
Hilfiker and H. Murer, manuscript in preparation]. Also, the 
promoter structure has been determined for human, murine and 
opossum kidney cell type II Na/phosphate cotransporter genes 
and found to be highly conserved within the first few hundred 
(-400) bp of 5' flanking sequence, sufficient to drive gene 
transcription after transfection into OK-cells [77, 78; H. Hilfiker 
and H. Murer, manuscript in preparation!. Extensive character- 
ization of structure/function relation studies with up to 4.7 kb of 
5' flanking promoter sequence of the OK-cell promoter were 
unable to detect in homologous transfection systems regulatory 
sequences affecting gene transcription by factors known to be 



in OK-cells (H. Hilfiker and H. Murer, unpublished data). These 
latter data strongly suggest that the identified promoter structures 
'only' confine tissue specific expression and that physiological/ 
pathophysiological regulation of this transporter mainly occurs at 



the post-transcriptional level. It must be indicated that structure/ g 
function relationship studies on the type II Na/Pi-cotransporter 
promoter are made difficult by the fact that, among the different < : 
in vitro systems available (such as cell lines, primary cultures), only 
the OK-cell system expresses the type II Na/Pi-cotransporter, that 
is, retains a state of differentiation permitting such experiments. 

Recent studies on mice models of X-linked hypophosphatemia 
have documented that the type II Na/Pj^otranspqrter, although 
not located on the X-chromosome, is the 'target' in these diseases 
and its reduced brush border expression in Gy and Hyp mice is at 
the base of the observed renal ^-wasting [46, 47, 54]. Earlier stwfies 
on Hyp mice demonstrated that the renal defects in P r handhng 
are mediated by a circulating factor [81]. This is in full agreement 
with the identification of the candidate PEX gene [82-84]. The 
PEX gene is in mice preferential expressed in bone cells [82]. The 
mechanism of action of PEX is presently unknown. Based on 
PEJCs proteolytic properties it is suggested that it may be involved 
in the processing of an endocrine factor involved in the control of 
expression of the type II Na/Prcotransrjorter in the kidney. 
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Abstract 

• i . „„ 0 rhPTT-n hv Firherichia coli TGl:I52cIts was studied. The hPTH is 
Production of human parathyrotc 1 «™^ , ^ 1 ^5^ Ap R promoter. The organism grows on 
expressed as a fus.on protem under control of the ^ ^ under of tem peta. 

g ,ucose/mineral salt medium and the ^^^^^^^^^ cultivation temperature and is 
^^f^^^^^TT^ST^^ is growth coupled and specific hPTH 

N4830:pEX-PPTH grown on complex media. 
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1. Nomenclature 



F, flow rate of the feed, 1 IT 1 ; G, glucose, g 
r^Gtr , glucose concentration in the feeding 

1 ' w Feed ' ° . • j i 

solution, g r'; hPTH, human parathyroid hor- 
mone; Kq, Monod constant for glucose consump- 
tion, g l" 1 ; OD, optical density at 600 nra; p0 2 , 
oxygen partial pressure in culture medium, % of 
saturation; t, time after induction, h; X, cell dry 
mass, g T 1 ; Y x/C , yield coefficient, g g" (cell 
dry mass per glucose); K„ inoculum volume, 1; 
V culture volume, 1; ji» specific growth rate, 
h _l . Index: max, maximum; 0, refers to thermal 
induction; P, refers to the beginning of product 
formation.' '; 



Corresponding author. 



2. Introduction 

Escherichia coli is widely used for the expres- 
sion of various recombinant proteins. Frequently 
the cells are cultivated only on small scale on 
complex media easy to prepare. The media cover 
known and unknown nutrient requirements of the 
bacteria. Owing to the low yield coefficient of 
biomass (usually < 0.1 g g" l ) high concentrations 
of complex components are needed to generate 
sufficient amounts of cells and product (Zabnskie 
et al., 1987; Harder et al., 1992). Also the down- 
stream processing is more difficult, particularly 
when an extracellular product has to be sepa- 
rated from the undefined components of the 
complex medium. In addition, complex compo- 
nents like yeast extract or peptone differ in com- 
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position and in quality. Therefore, experimental 
results are often only reproducible if the sub- 
strate is taken from the same batch. Many of 
these problems can be reduced or even avoided 
using synthetic media. For instance, Riesenberg 
et al. (1990, 1991) reported on fed batch cultiva- 
tions with a prototroph E. coli strain (TGI) giv- 
ing high specific production rate and high biomass 
concentration (> 100 g l" 1 ) when using a glu- 
cose/mineral salt medium and an appropriate 
feeding strategy. The importance and advantage 
of using properly defined media in recombinant 
E. coli cultivations have also been emphazised by 
Fieschko and Ritch (1986). 

Different observations have been reported on 
the influence of the growth rate on protein ex- 
pression. Zabriskie et al. (1987) studied the pro- 
duction of recombinant malaria antigen. The au- 
thors did not find a dependency of product yield 
on the growth rate used before induction, while 
Curless et al. (1990) reported a significant influ- 
ence of the preinduction specific growth rate on 
the expression level of a consensus interferon. 
Seo and Bailey (1985, 1986) studied cloned gene 
product expression (^-lactamase) at different 
growth rates. In batch cultivations (Seo and Bai- 
ley, 1985), wherein the growth medium was ad- 
justed to give different growth rates in the expo- 
nential' phase, the productivity of recombinant 
protein decreased steadily with growth rate. In 
continuous culture (Seo and Bailey, 1986), a qual- 
itatively different behaviour was observed as the 
gene product activity exhibited a sharp maximum 
with respect to specific growth rate. 

The temperature-sensitive repressor of bacte- 
riophage A is a well-established device for the 
control of gene expression. This induction system 
is easy to handle and has the additional advan- 
tage that no more chemicals are required for 
gene expression. Only a few investigations have 
been done to find out the optimal thermal shifts 
for growth and recombinant protein production 
(Lin et al., 1985; Strandberg and Enfors, 1991; 
Harder et al., 1992). All these authors suggest 
that the choice of induction temperature is in the 
range from 37 to 39°C instead of 42°C as is often 
recommended (Remault et al., 1981; Sambrook et 
al., 1989). 



In a recent communication, Harder et al. (1992) 
studied the expression of human parathyroid hor- 
mone hPTH(l-84, Pro" 1 ) by E. coli N4830: 
pEX-PPTH. This strain expresses hPTH as a 
fusion protein under control of the bacteriophage 
Ap R promoter. High gene product expression 
rates and product concentrations could be ob- 
tained by using complex media and a tempera- 
ture shift from 30 to 38°C. In the present study E. 
coli TGI is employed as the host for the I52clts 
plasmid (a derivative of pEX-PPTH). E. coli TGI 
grows up to high biomass concentration, as shown 
by Riesenberg et al. (1991). It was therefore 
thought that high hPTH concentration could also 
be obtained with this strain. Expression of the 
recombinant protein was investigated under vari- 
ation of temperature and growth rate prior to 
and after induction. 



3. Materials and methods 

3.1. Strain, plasmid and medium 

Since direct expression of hPTH delivers only 
very small amounts a gene fusion was chosen for 
production (Breyel et al., 1984; Rabbani et al., 
1988, 1990; H^gset et al., 1990). The construction 
of a' gene fusion allowed synthesis of a stable 
hybrid protein to higher concentrations. The gene 
hPTH was elongated at its 5 '-end by a proline 
codon and fused to a modified cro-lacZ gene 
which encodes the hybrid protein cro-0-galac- 
tosidase (Stanley and Luzio, 1984). The construc- 
tion leads to the expression of a protein of 492 
amino acids, of which 84 correspond with hPTH 
(hence about 17%). The hormone can easily be 
liberated by hydrolysis with formic acid, leaving 
an additional proline attached to the hormone. 
The final product is, therefore, hPTH(l-84, 
Pro" 1 ). The organism used in this study was E. 
coli TGI (DSM 6056; Carter et al., 1985). The 
strain was genetically engineered through cloning 
with the plasmid I52clts. This plasmid is a deriva- 
tive of pEX-PPTH (Wingender et al., 1989). Ex- 
pression is under temperature-sensitive control of 
the A phage p R promotor. In addition to the 
product gene and the ampicillin-resistance gene, 
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it carries the information for the repressor pro- 
tein cI857. All cultivations were carried out on 
the glucose /mineral salt medium described by 
Riesenberg et al. (1991). Glucose (22.5 g T 1 ) is 
the sole carbon and energy source. In addition, 
the medium contained ampicillin (100 mg T 1 ) to 
select transformed cells and glycine betaine (140 
m g l" 1 ) as an osmoprotectant (Le Rudulier et al., 
1984). These components were added after sterile 
filtration to the sterilized glucose/ mineral salt 
medium shortly before inoculation. Plates were 
prepared by adding 20 g T 1 agar agar to the 
medium before it was autoclaved. 

■i'3.2. Inoculum preparation and batch operation 

The cells were stored in glycerol at -20°C. 
The suspension was scraped on an agar plate with 
ampicillin to form a stock culture of single cell 
colonies at 30°C. A single colony was grown 
overnight at 30°C The inoculum volume K, for 
the bioreactor was calculated by V x = V L (10 
0D)" 1 . A 2-1 stirred bioreactor (Setric Genie 
Industriel, France) was used in this study. The 
working volume was 1.2 1. Temperature was mon- 
itored and controlled. The pH was controlled at 
6.8 through addition of 25% ammonia. Filter- 
sterilized air and oxygen were supplied to the 
medium and the impeller speed was regulated to 
keep the p0 2 at 50% of saturation. In batch 
experiments cells were, cultivated at the preinduc- 
tion temperature until the cell density reached an 
optical density of 1.0. Induction was done by 
shifting the temperature with a rate of 1°C min" 1 
to the desired value. 

3.3. Fed batch cultivations with constant specific 
growth rates 

These cultivations were carried out to study 
the dependence of/the specific growth rate after 
induction (from 30to 38°C) on the production of 
hPTH. Constant specific growth rates fi<fi max 
(0.1 to 0.6 h" 1 ) could be realized over a certain 
time .period by making use of a special feeding 
strategy for glucose. Glucose consumption is given 
by ; ■■ / ' \ > . . . 

dG 1 



Since ii < /x max the glucose concentration in the 
batch was always near zero, hence dG/dr = 0. 
The biomass concentration follows from 



X = X 0 e»' 



(2) 



From Eqns. 1 and 2 the time-dependent glucose 
feeding rate F(t) is calculated as 



F(0 = 



^Feed^V/G 



ixe 



(3) 



V, 



L d/ 



= -V L nX; 



+ FG Feed 



(1) 



X/G 



By taking samples of appropriate volume the 
culture volume V L could be kept constant at 1.2 I. 
Glucose concentration in the feeding solution 
(G Feed ) was varied according to the desired spe- 
cific growth rate between 12.5 and 135 g The 
yield coefficient Y x/G was assumed to be 0.5 g 
g" 1 . A computer was programmed to control the 
pump rate according to Eqn. 3. All these cultiva- 
tions were done with a temperature shift from 30 
to 38°C The p0 2 was controlled at about 50% 
saturation. 

3.4. Cultivations with continuous medium exchange 

In this case, the culture medium was pumped 
continuously through a cross flow filtration mod- 
ule (Enka membrane: Accurel R 40, filtration area: 
0.1 m 2 ) in recycle mode. The residence time of 
the cells in the filter loop was about 12 s. Perme- 
ate was substituted by fresh medium at a rate of 
1.2 1 h" 1 or 2.4 I h~ l . The p0 2 was controlled in 
the bioreactor at about 50% saturation. 

3.5. Analytical methods 

Growth was followed by measurement of the 
optical density at 600 nm. Cell dry mass X was 
determined by drying 1 ml of cell suspension in a 
vacuum oven at 40°C. Enzymatic test kits (Boeh- 
ringer Mannheim, Germany) were used for the 
determination of glucose, ammonia and acetate 
in supernatants of centrifuged samples. The 
product hPTH was determined by harvesting, pu- 
rifying and quantifying the insoluble fusion pro- 
tein as described elsewhere (Harder et aL 1992). 
hPTH concentrations were calculated as 17% of 
the fusion protein. 
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4. Results and discussion 

4.1. Induction temperature 

The course of the biomass concentration for 
batch cultivations is shown in Fig. 1. The temper- 
ature has a significant effect on the time at which 
g 'ose is consumed and biomass ««Ken ^ 
reaches its maximum value. For T = 36 and 38 C 
Sis is at only 5 h after a raising the temperature 
from the production cultivation temperature 
30«C), while for T- 42-C nearly 8 h are needed 
Also the biomass yields differ i.e. 11 g 1 for 
T« 36 and 38°C and 9 g T 1 for 7 = 42 C Ac- 
etate is formed as an intermediate metabolite 
The maximum acetate concentrations increase 
with temperature and are in the range I to 3 g 
l- 1 According to the work of Lull and Stroh 
(1990) such concentrations are too low to inhibit 
growth significantly. It is noticeable that the 
Jrowth rate is not constant for the = higher temper- 
atures applied, particular at 42 C. Here the 
growth rate passes a minimum value between 2 
and 4 h as can be discerned clearly by evaluating 
the differential growth rates. Such a growth be- 
havior is difficult to explain. Product generation 
(in the form of inclusion bodies but grven as 
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Fig. 1. Growth of E. coli TGl:I52cIts on ^/™«™ X ™* 
Ldium after induction. The cells were cultivated at 30 C up 
To an optical density OD^-1.0. Induct.on was dom by 
shifting the temperature with a rate of 1'C mm from 30 C 
to the desired temperature. 




Time ofter temperature shift, h 
Fig. 2. hPTH formation during growth in batch cultivations. 
The product (calculated as hPTH) was measured by han*st- 
S an aliquot of the culture suspension, pur.fy.ng through eel 
"sis, isolation of the inclusion bodies, gel chromatography 
and quantising the fusion protein by dens.tometry. At 30 C 
no pS could be determined in form of .nc.us.on bod.es, 
hence leakiness of the host/vector system is negligible. 



hPTH) is plotted as a function of cultivation time 
for the four temperatures studied in Fig. 2. t. 
coli TGl I52cIts showed no leakiness during cul- 
tivation at 30°C. Product formation does not start 
immediately after the temperature shift. Obvi- 
ously, an adaptation phase is needed More sur- 
prising is the sharp temperature dependency 
Prclct formation is low at 42°C but high at 
38°C, i.e., roughly 3.5-times larger than at 36 and 
40°C When studying hPTH formation in E. coli 
N4830 grown on complex medium neither an 
adaptation phase nor a pronounced temperature 
effect could be observed but similar behaviour to 
that shown in Fig. 2 was found when a complex 
medium supplemented with fructose was used 
(Harder et al., 1992). The findings clearly indicate 
that medium composition largely affects the ther- 
mal response pattern and metabolic cell regula- 

U °A simple model was formulated to describe 
biomass formation, glucose consumption and 
product generation. Owing to the irregulant.es 
observed in the growth at higher temperatures 
(see Fig 1) the model was applied only to cultiva- 
tions at 38°C where product formation was largest. 
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Based on the growth model of Monod biomass 
3 nd glucose equations are 

HL^^X (4) 

dr 



l K n + G' 



and 
dC 
At 



1 



*X/G 



(5) 



product formation is assumed to be growth cou- 
pled after induction by temperature shift and 
after passing through a lag phase. If X P is the 
biomass concentration where product formation 
starts it follows that: 

P(h?TH)=a(X-X ? ) (6) 

for X>X ? , assuming P(hPTH) = 0 at X<X ? . 
The model specific parameters (/t 

max 1 u ' 

and a) were determined by using the Nelder- 
Mead optimization procedure and numerical so- 
lution of Eqns. 4-6 with appropriate initial condi- 
tions a 0 ^0.53 g I" 1 , G 0 = 23.6 g T 1 ) and the 
experimental value of X ? . Thus, an excellent 
data fit could be obtained as shown in Fig. 3. The 
best fit was found with /i max = 0.81 h~ , K G == 4.35 
g r\ Y x/c = 0A& g g" 1 , X P = 0.79 g r 1 , and 
a = 13 mg g" 1 (hPTH per biomass). The fitted 
values of M max and Y x/G are in the expected 
range. The high value for K G is an indication 
that growth is apparently not only limited by 
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Fig. 3. Time-course of a cultivation with temperature shift 
from 30 to 38°C Symbols are experimental data. The lines are 
calculated by Eqns. 4 to 6. 



substrate. The specific product concentration will 
be discussed later. 

4.2. Preinduction temperature 

Batch cultivations were also carried out to 
examine the influence of the preinduction tem- 
perature. The range from 24 to 34°C was chosen 
where gene expression is negligible. After the 
temperature shift to 38°C an effect of the prein- 
duction cultivation temperature on growth rate 
and maxiumum biomass concentration could not 
be detected. Irrespective of the preinduction tem- 
perature the growth rate was 0.7 ±0.1 h" 1 and 
the maximum biomass obtained was 11.4 ± 0.5 g 
I -1 . However, in contrast to these findings a 
pronounced dependency of the gene product con- 
centration on the preinduction temperature was 
obsewed. When increasing the preinduction tem- 
perature from 24 to 30°C, the product concentra- 
tion increases from 87 to 136 mg 1 A further 
increase to 34°C in the preinduction phase led to 
a decline of product concentration (76 mg 1 0. 

4.3. Fed batch cultivations with constant specific 
growth rates 

Riesenberg et al. (1990, 1991) described a 
feeding strategy which allows the cultivation of 
E. coli TGI up to high cell densities at an approx- 
imately constant specific growth rate fx < /x ma x- 
When using linear feeding and an exponentially 
increasing feeding rate, as outlined in Materials 
and Methods, biomass concentrations up to 85 g 
I" 1 could be reached with E. coli TGI at 30°C. 
However, when the plasmid I52clts was inserted 
in E. coli TGI biomass concentrations of only 
around 12 g l" 1 could be obtained. Although 
glucose was not detectable in the^ supernatant 
acetate accumulated up to 20 g l" 1 . Thus, the 
growth was strongly inhibited and eventually 
ceased. 

In order to realize constant specific growth 
rates with E. coli TGl:I52cIts the following strat- 
egy was employed. Batch runs were carried out at 
30°C with a reduced glucose concentration. At 
biomass concentrations between 0.5 and 2 g 1^ 
the cultivation temperature was shifted to 38°C 
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(x - x 0 ). g i" 1 

Fig 4 hPTH formation at different specific growth rates after 
temperature shift from 30 to 38°C Specific growth rates were 
maintained by a special feeding strategy for glucose as given 
in Eqn. 3. 



and glucose feeding was started at a rate given by 
Eqn 3 depending on /i. Thus, up to biomass 
concentrations of around 10 g P 1 constant spe- 
' cific growth rates in the range 0.1 to 0.6 h 
could be maintained and recombinant product 
concentration was determined. Fig. 4 shows the 
hPTH concentration as a function of the biomass 
concentration for the four different specific 
growth rates applied. No effect of fi on the 
product concentration can be observed. There is 
also no influence of the initial biomass concentra- 
tion at the time of induction. Hence, one has to 



conclude that hPTH expression is independent of 
the specific growth rate for the particular micro- 
bial system employed in this study. The slope of 
the regression line in Fig. 4 gives a mean specific 
product concentration of 13 mg hPTH per g 
biomass and an initial biomass concentration for 
product formation (X ? - * 0 ) of 0.26 g T 1 which 
agrees well with the values obtained from batch 
cultivation (Fig. 3). 

4.4. Cultivations with continuous medium exchange 

The accumulation of growth-limiting metabo- 
lites can be prevented by using a membraned cell 
recyle reactor with continuous medium exchange 
(Lee et al M 1989). The flow rates of medium 
exchange used were 1.2 and 2.4 1 h" 1 . In both 
cases cell densities of about 40 g I 1 were ob- 
tained, in the first case after 4 h and in the latter 
only after 36 h. At the low flow rate glucose was 
completely consumed and acetate concentration 
was less than 1 g T l - At the higher flow rate 
glucose and acetate concentration were both over 
4 g r 1 and the upper limit of hPTH concentra- 
tion was reached only 4 h after induction by 
shifting the cultivation temperature from 30 to 
38°C. The time course of this cultivation is shown 
in Fig. 5. A product concentration of 338 mg : 
hPTH per 1 could be attained and the specific 
product concentration was 11 mg hPTH per g 
biomass. 



Smparison of »p™ session level in different E. coti strains and effect of qper gto^ 
■ : ! -* " ~X 



E. coli strain/operation mode Medium 



hPTH n 



N4830:pEX-PPTH 
Batch 
Batch 

Fed batch 

TGl:I52clts 

Batch/ fed batch : 
Cell recycling with continuous , 
medium exchange 



TY4 a 
YF b 
YF b 

synthetic 
synthetic 



4.2 
18.3 
48.8 

10.5 
30.8 



196 
173 

847 

136 
338 



hPTH r 



(gP 1 ) (mgP 1 ) (mgg ) 



46.7 
9.5 
17.4 

13.0 
11.0 



All results refer to product induction by temperature shift from 30 to 38°C. 

a TY: bactotryptone/ yeast extract. 

b YF: yeast extract supplemented with fructose. 



' max 

(h) 



6.5 
6.0 
10.0 

5.0 
4.0 



Productivity 
(mgl" 1 h' 1 ) 

30.2 
28.8 

84.7 

27.2 
84.5 
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Time after temperature shift, h 

Fig. 5- Time-course of a cultivation with continuous medium 
exchange after temperature shift from 30 to 38°C. Culture 
suspension was pumped continuously through a cross flow 
filtration module in recycle mode. Permeate was substituted 
by fresh medium at a rate of 2 V L h -1 . 



4.5. Comparison with previous studies 

Table 1 summarizes the results of this study 
with E. coli TGl:I52cIts and the previous find- 
ings of Harder et al. (1992) with E. coli 
N4830:pEX-PPTH. The strain N4830 cultivated 
in batch mode on complex TY medium delivers a 
low biomass concentration but the highest spe- 
cific product concentrations. Batch cultivation of 
N4830 on YF medium gives the higher biomass 
but a lower specific product concentration. How- 
ever, the volumetric productivities for both media 
are comparable and batch as well as fed batch 
cultivation of TGI on synthetic medium both 
exhibit only a slightly reduced productivity. Higher 
productivities were obtained in the fed batch 
cultivation of N4830 on YF medium and in the 
cultivation of TGI with cell recycle and continu- 
ous exchange of synthetic medium. Although gene 
product concentrations differ considerably in 
these cultivations, the productivities are identical 
as a result of differing process times. In summary, 
it can be concluded from the data of Table 1 that 
cultivation of TGI on a cheap synthetic medium 
gives hPTH concentrations and productivities 
comparable with those from N4830 growing on 
complex media. 
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there are several hereditary disorders that result in 
isolated renal phosphate wasting; including X-linked 
hypophosphatemic rickets (HYP), autosomal dominant 
hypophosphatemic rickets (ADHR), and herediten? hy- 
pophosphatemic rickets with hypercalciuna (HHKyi). 
The genes mutated in these diseases are likely to play 
important roles in phosphate homeostasis. The exis- 
tence of multiple forms of hereditary phosphate wast- 
ing indicates that control of phosphate homeostasis is a 
complex process. Understanding the pathogenesis of 
these disorders will provide insight into this process 
and may lead to improved therapies for these condi- 
tions This review will focus on recent developments in 
understanding the pathogenesis of HYP, which is the 
most common inherited disorder of renal phosphate 
W3.stintr 

HYP is an X-linked dominant disorder with a preva- 
lence of -1-20,000. Patients may present with lower 
extremity deformities, rickets, short stature, bone pain, 
dental abscesses, enthesopathy, and osteomalacia UZ). 
However, severity of the phenotype varies considerably. 
Indeed, affected members of the same family may have 
markedly different phenotypes, and some individuals 
have only minimal symptoms. Although there is contro- 
versy about whether there is a gene dosage effect, 
recent evidence suggests that the disorder is a classic 



dominant condition with equal seventy m males^and 
females (89). The hallmark of the disorder wmaj 
phosphate wasting with resulting hypophosphatemia. 
Patients also have inappropriately normal concentra- 
tions of calcitriol (16, 52, 75, 77). , ' ; 

MURINE MODELS 

Many insights into the pathogenesis of HYP have 
been derived from studies of two murine Jiomologs of 
the human disease, Hyp and Gy mice. Linkage studies 
in the mouse have mapped the Hyp and (ft mutation, 
to a region of the mouse X chromosome synteruc to the 
human HYPlocus (27, 39, 54, 78). The Hyp mouse arose 
as a spontaneous mutation and has been bred on Uie 
C57BL/6J background (27). The Gy mutation was in- 
duced by irradiation, and these mice have been bred on 
the B6C3H background (54). Both murine models have 
renal phosphate wasting, impaired mineralization, and 
growth retardation. However, the Gy mouse also has 
inner ear abnormalities, deafness, hyperactivity, and 
circling behavior, and the male Gy mouse does not 
survive on the C57BL/6J background (58). Although 
both mice have been studied, more experiments have 
been performed with Hyp mice Controversy exists 
regarding alleged biochemical differences between the 
iSo mouse models (see below). Also, in accordance with 
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the human disease, there are not marked differences 
between male and female Hyp mice (66); however, 
fewer data are available for Gy mice. 

PATHOGENESIS OF PHOSPHATE WASTING 

Since parathyroid hormone (PTH) is known to pre- 
vent reabsorption of phosphate in the kidney, one might 
expect it to be involved in the pathogenesis of HYP. 
However, several lines of evidence suggest that this is 
not the case. First, PTH concentrations are normal in 
HYP patients (2); second, parathyroidectomy does not 
alleviate the phosphate wasting in Hyp mice (11); and 
third, I#les et al. (51) described a HYP patient with 
concurrent idiopathic hypoparathyroidism who had 
phosphate wasting once serum calcium levels were 
corrected. Hence, it is generally believed that PTH is 
not responsible for hypophosphatemia in HYP, and 
researchers have pursued other lines of investigation to 
determine the pathogenesis of phosphate wasting. 

In this regard, studies done in the Hyp mouse 
demonstrate that the renal phosphate wasting results 
from decreased sodium-dependent phosphate transport 
in the brush-border membrane of the renal proximal 
tubule (83). Subsequent studies have shown that, al- 
though the low-affinity/high-capacity transport mecha- 
nism is intact, there is a defect in the high-affinity/low- 
capacity transporter (81). Indeed, the maximal transport 
rate ( V max ) is about one-half of normal with no change 
in affinity for phosphate, a finding consistent with a 
decreased transporter number in the Hyp mouse. This 
high-affinity/low-capacity sodium-dependent phosphate 
cotransporter (Npt-2) has recently been cloned (88), 
and Hyp mice have been shown to have an -50% 
decrease in Npt-2 mRNA and protein (9, 84). Studies 
done in the Gy mouse also demonstrate a reduction in 
V mQX of the high-fiiffinity/low-capacity transport system 
(82), and a decrease in Npt-2 mRNA and protein was 
also observed by Tenenhouse et al. (80). Conversely; 
Collins and Ghishan (10) have reported that Hyp and 
Gy mice differ in this regard, since they found normal 
levels of Npt-2 mRNA in Gy mice, with decreased levels 
of Npt-2 protein. The localization of human NPT3 on 
chromosome 5q35 eliminated it as a candidate gene for 
HYP (40). However, the data suggest that the HYP gene 
is involved in regulation of NPT-2 expression. 

Despite the above results, it remained unclear 
whether the phosphate wasting resulted from a pri- 
mary renal defect or whether it resulted from. elabora- 
tion of a humoral factor that alters phosphate uptake in 
the renal proximal tubule. To test the possibility of a 
humoral abnormality, Meyer et al. (57) performed 
parabiosis between Hyp and normal mice. They found 
that normal mice joined to Hyp mice had a progressive 
, reduction in plasma phosphate over 3 wk and that 
these mice had a greater renal phosphate excretion 
index than normal mice joined to other normal mice. 
Furthermore, after the normal/Hyp pairs were sepa- 
rated, plasma phosphate returned to normal levels in 
the normal mouse within 24 h. At 2 and 7 days these 
normal mice had "rebound hyperphosphatemia" com- 
pared with mice separated from normal/normal pairs 



(57). As exciting as these findings were, parabiosis 
studies have significant limitations. Urine creatinine 
concentration in normal mice parabiosed to Hyp mice 
was almost twice as high as that in normal mice joined 
to normal mice. Since urine volume and/or plasma 
creatinine were not. measured, it is difficult to deter- 
mine whether renal function was altered, although it is 
likely that these mice simply had more concentrated 
urine than normal to normal parabiotic pairs. Addition- 
ally, some of the fair in plasma phosphate may have 
been secondary to inanition, since plasma phosphate 
fell in normal mice joined to normal mice but not as 
much as the fall in phosphate when normal mice were 
joined to Hyp mice. 

Tb avoid some of the limitations of parabiosis experi- 
ments, Nesbitt et al. (61) performed renal cross- 
transplantation studies in normal and Hyp mice. When 
normal kidneys were transplanted into nephrecto- 
mized Hyp mice, the kidneys wasted phosphorus. When 
Hyp kidneys were transplanted into nephrectomized 
normal mice, the kidneys retained phosphorus nor- 
mally. Thus the defect in the Hyp mouse is neither 
corrected nor transferred by renal cross-transplanta- 
tion, and the phosphate transport defect in the Hyp 
mouse is not due to an intrinsic renal abnormality. 
These data have been further confirmed by subsequent 
tissue culture studies that employed SV40-transfonried 
cells from the SI segment of the renal proximal tubule 
from normal and Hyp mice. These studies demonstrate 
that sodium-dependent phosphate transport in §1 proxi- 
mal tubule cells is not different between cells obtained 
from Hyp and normal mice (62). Similar studies have 
been performed with SV40-transformed proxiSal tubu- 
!ar cells- from Gy and normal mice/These studies also 
show equivalent phosphate transport betweenmutant 
and normal cells (63):! 

The above data are supported by a case wort by 
Morgan et al. (60), in which a patient with probable 
sporadic HYP developed renal failure. The.ipatient 
received a living related renal transplant Jrom an 
apparently normal sister and redeveloped renal phos- 
phate wasting. Unfortunately, these results are clouded 
by the observation that ~~32% of renal transplant 
patients have some degree of renal phosphate wasting 
(68). 

Although the above studies established that the 
defect in Hyp mice is riot in the kidney, these studies did 
not determine alternative tissue(s) that contain the 
defect. Since bone from Hyp mice does not mineralize 
normally, some investigators have focused their efforts 
on studying osteoblasts from the Hyp mouse. An intrin- 
sic osteoblast defect was proposed by Ecarot et al. 
(18-20) who transplanted periostea and osteoblasts 
from normal and Hyp mice into the gluteal muscles of 
normal and Hyp mice. As expected, when normal ceils 
were transplanted into Hyp mice, mineralization was 
impaired. However, when Hyp cells were transplanted 
into normal mice* reduction but not normalization of 
the defect was observed. Although these studies sup- 
ported the hypothesis that there is a primary osteoblast 
defect in the Hyp mouse, they did not exclude the 
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possibility that the putative circulating factor in the 
Hyp mouse could have led to an irreversible developmen- 
tal defect in the osteoblast. Such a situation would be 
analogous to the permanent developmental defects 
that are produced in developing neural tissue by lack ot 
sufficient thyroid hormone at a critical stage of develop- 
ment (7). . , . 

Further evidence that the Hyp mouse elaborates a 
humoral factor causing the phosphate wasting and th^t 
the osteoblast plays a role in the pathogenesis of the 
Hyp defect is provided by the studies of Lajeunesse et 
al. (43). These investigators found that Hyp serum, 
when added to the culture media for at least 24 h, 
impaired phosphate transport in primary mouse proxi- 
mal tubule cultures (MPTC). This inhibition occurred 
in a dose-dependent fashion. Additionally, conditioned 
media from Hyp osteoblasts, but not normal osteo- 
blasts, inhibited phosphate transport in the MFIO 
when the incubation period was at least 24 n. Inese 
data suggest that the Hyp osteoblast is responsible for 
the release and/or modification of a humoral factons) 
that inhibits phosphate reabsorption (43). It should be 
noted, however, that these data do not exclude other 
tissues as important contributors to the pathogenesis ot 
the phosphate wasting and other phenotypic features ot 
the disorder. ' ' \ 

The existence of a humoral factor that can impair 
renal proximal tubular phosphate transport is sup- 
ported by the existence of tumor-induced osteomalacia. 
These tumors, which are frequently of mesenchymal 
origin, result in isolated renal phosphate wasting and 
inappropriately low serum calcitriol concentrations, 
both of which resolve when the tumor is removed. 
Unfortunately, this factor(s), which we have referred L) 
as "phosphatonin," has only been partially purified (6, 
23) Since tumors frequently secrete, in abnormal 
amounts and in an unregulated fashion, substances 
that have a role in normal physiology, it is plausible 
that the phosphate wasting observed in patients who 
have tumor-induced osteomalacia is due to overproduc- 
tion of a factors) that normally controls renal phos- 
phate reabsorption. If such a factor exists, then its role 
in the phosphate wasting seen in HYP has yet to be 
determined. * ' 

VITAMIN D METABOLISM 

In addition to the phosphate-wasting defect seen in 
HYP defects in vitamin D metabolism are postulated. 
Indeed, treatment of HYP patients with phosphate 
alone does not result in resolution of the osteomalacia 

(53). A combination of phosphate and high-dose cal- 
citriol is required (31, 33). In the setting of hypophospha- 
temia, elevated calcitriol levels are anticipated, since 
hypophosphatemia increases calcitriol concentrations 
in both animals and humans (34, 37, 65). Several 
investigators have instead found normal serum cal- 
citriol concentrations in HYP patients (16, 52, 75, 77). 
Thus HYP patients have a relative insufficiency ot 
calcitriol in light of their hypophosphatemia. Studies m 
the Hvp mouse confirm and expand the observations 
made'in humans (49. 56). Lobaugh and Drezner (49) 



studied the activity of renal 25-hyctoxyvitamin D-lot- 
hydroxylase l25(OH)D-la-hydroxylase] in Hyp, nor- 
mal, and phosphate-depleted mice. This enzyme con- 
verts 25(OH)D to la,25-dihydroxyvitamin D 
[l,26(OH) 2 D], the active form. Although normal mice on 
phosphate-depleted diets had profoundly increased 
25(OH)D-ia-hydroxylase activity compared with nor- 
mal mice on the control diet, 25(OH)D-lo-hydroxyIaBe 
activity in Hyp mice was lower than phosphate- 
depleted controls, despite similar serum phosphate 
concentrations. Moreover, 24-hydroxylase is increased 
in Hyp mice compared with controls, indicating that 
catabolism of calcitriol is probably increased (12, 85). 
Interestingly, when Hyp mice are placed on phosphate- 
restricted diets, their calcitriol concentrations paradoxi- 
cally decrease (56). 

Studies of vitamin D metabolism in the Gy mouse are 
more controversial. Davidai. et al. (14) found that 
activity of renal 25(OH)D-lct-hydroxylase in the Gy 
mouse was comparable to that of phosphate-depleted 
mice and much greater than that of normal controls. Of 
note, serum calcitriol concentrations were higher in Gy 
mice than controls but not as high as normal mice on 
phosphate-depleted diets (14). Tenenhouse et al. (82) , 
were unable to detect a statistically significant differ- 
ence in calcitriol concentrations between Gy and nor- 
mal mice on control diets. Additionally, when Gy and : 
normal mice were placed on phosphate-restricted diets,, 
normal mice appropriately increased their calcitriol . 
concentration whereas the calcitriol concentration l in . 
Gy mice paradoxically dropped substantially below 
that of Gy mice on the control diet. Phosphate depletion 
also inappropriately increased 24-hydroxylase activity 
in Gy mice, which likely contributed to the paradoxical 
decrease in calcitriol concentrations. Furthermore; 24- 
hydroxylase activity was elevated in Gy mice on both. 
the control and phosphate-depleted diets, and these , 
investigators concluded that vitamin D. metabolisms is , 
abnormal in Gy mice. - ... • 

Since interstrain differences could be responsible tor 
the differences in vitamin D metabolism proposed by 
Davidai et al. (14), Meyer et al. (59) transferred the Hyp 
mutation to the B6C3H background. While studying 
both mutants oh the same genetic background, they did 
not find a difference in calcitriol concentrations be- 
tween Hyp and Gy mice. However, in both Hyp an^ Uy 
mice, calcitriol concentrations were affected by calcium 
concentrations in the diet. Thus it is possible that much 
of the observed differences in vitamin D metabolism 
between Gv and Hyp mice were secondary to differ- 
ences in background strain and diet. 



POSITIONAL CLONING APPROACH 

To gain a better understanding of this disorder we 
used the positional cloning approach to locate and clone 
the HYP gene (38). The advantage of this approach is 
that knowledge of gene function and tissue expression 
is not necessary to locate the disease gene. Thus one 
does not need to make any assumptions about the gene 
or its function. This approach has been used to identify 
an ever-expanding number of disease genes (8>. 
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lb find a gene using the positional cloning approach, 
investigators first use linkage analysis to determine 
the chromosomal location of the disease gene. This 
method is again used to identify genetic markers that 
closely flank the disease gene. Once tightly linked 
flanking markers are determined, a "contig" map is 
constructed encompassing this region. Contigs are con- 
structed from overlapping pieces of cloned DNA in 
cosmid, PI, or yeast artificial chromosome (YAC) vec- 
tors. Once the region between the flanking markers is 
covered by the contig, the DNA is analyzed thoroughly 
to identify all genes present in that region. These genes 
are tested for mutation in affected individuals. 

LINKAGE STUDIES IN X-LINKED 
HYPOPHOSPHATEMIC RICKETS 

Genetic linkage analyses initially localized the HYP 
gene to distal Xp (55, 67), and further studies by 
Thakker et al. (86) established the locus order Xpter- 
DXS43-HYP-DXS41-Xcen. New genetic markers in 
Xp22 were required to reduce the candidate region to a 
smaller size suitable for searching for gene transcripts. 
Examining five large kindreds, we established DXS257 
as the closest flanking marker on the telomeric side, 
and a second new marker, DXS365, was found to be 
tightly linked to HYP with ho recombination events 
(21). Rowe et al. (73) also found tight linkage with 
another new marker, DXS274. The linkage analyses 
until this point had been performed with restriction 
fragment length polymorphism (i.e., RFLP) markers 
(4); however, microsatellite markers were being rapidly 
established as more powerful tools for genetic linkage 
analysis (48, 87), since they are generally more polymor- 
phic. Through a combination of examining new families 
and using microsatellite markers generated from the 
DXS274 and DXS365 markers, recombination events 
were detected, which led to an ordering of the genetic 
markers with respect to HYP as follows: Xpter-DXS43- 
DXS257-DXS365-HYP DXS274-DXS41-Xcen (24, 26, 
71). Hence, DXS365 and DXS274 were the newly 
established flanking markers oh the telomeric and 
centromeric sides of the gene, respectively. Construc- 
tion of a YAC contig in this region (described below) 
later showed these markers to be sepjarated by a 
physical distance of -1-1.5 Mb. 

CONTIG CONSTRUCTION IN THE CANDIDATE REGION 



Xp22 markers (DXS365 and DXS274) were used to 
screen YAC libraries, constructed from human DNA< 1, 
44). Three YACs Were isolated containing the DXS365 
locus, and six were isolated containing DXS274. YACs 
were subsequently selected for generation of end probes, 
as well as generation of Alu polymerase chain reaction 
(Alu-PCR) probes, and these were used to rescreen YAC 
library filters. An end probe from a DXS274-containing 
YAC and Alu-PCR products from a DXS365-containing 
YAC identified several YACs in common. Hence, a YAC 
contig was constructed consisting minimally of three 
overlapping nonchimeric YACs as follows: a DXS365- 
containing YAC, one new YAC (not containing either 



DXS365 or DXS274), and a DXS274-containing YAC 
(29). The total size of the region was estimated to be 
1.5 Mb. 

Once the YAC contig was obtained, this was used to 
isolate new smaller genomic clones [cosmids, Pis, and 
Pi artificial chromosomes (PACs)l to facilitate the 
identification of genes in the region. YAC inserts were 
used to screen gridded cosmid libraries (average insert 
size 40 kb), a PI library (average insert size 80 kb), and 
a PAC library (average insert size 130 kb). These clones 
were assembled into new contigs by hybridization with 
end probes, and overlaps were confirmed by restriction 
digests. 

REDUCING THE SIZE OF THE CANDIDATE REGION 

Several cosmid and PI clones were selected for 
generation of new microsatellite markers. Southern 
blots containing these clones were screened with, a 
GT-polymer probe to identify fragments likely to con- 
tain a polymorphic C A repeat. Sequences were obtained 
flanking the CA repeat, and primers were designed to 
amplify the repeat in HYP families. Two new markers 
were obtained, DXS1683 (25) and DXS7474 (69), and 
these were examined in 20 large HYP kindreds. Through 
this analysis, it wais possible to place DXS7474 telo- 
meric of HYP (70) and DXS1683 oh the tentromeric side 
(26), and these became the closest flanking markers to 
the disease. Hence, /the candidate region could be 
narrowed to -350 kb, which is contained within one of 
the original YAC clones. 

ISOLATION OF GENE TRANSCRIPTS IN THE ^ 
CANDIDATE REGION ^ 

Three' complementary, methods were used for gene 
transcript isolation, i.e., exon trapping (5), cDl$A selec- 
tion (50), and genomic sequencing. In the exon trapping 
procedure, genomic DNA (e.g., a cosmid clone) is cloned 
into a new vector tliat contains functional 5/: and 3' 
splice sites flanking the cloning site. Upon transfection 
in mammalian cells; splicing can occur if the cloned 
genomic fragment contains an exon in the correct 
orientation. Isolation of RNA and reverse transcription 
(RT)-PCR experiments allow recovery of the spliced 
exons. This method was performed for several cosmids 
and PI clones in the HYP region, cDNA selection is an 
alternative strategy involving the hybridization of ci>N A 
libraries to genomic clones, to enrich for cDNAs present 
in the genomic region of interest. A pool of cosmid, PI, 
and PAC clones that was known to cover the entire HYP 
candidate region was prepared. Random-primed cDNA 
libraries were generated from fetal brain, fetal liver, 
and adult muscle RNA and hybridized to the pool of 
genomic clones. Those selected cDNAs were subse- 
quently eluted and cloned. The cDNAs were subse- 
quently arrayed on filter membranes and hybridized 
systematically with genomic fragments from the candi- 
date region and trapped exons. Positively hybridizing 
cDNAs were rescreened against the cosmid, PI, and 
PAC clones to confirm their localization. cDNAs from 
the entire region were then sequenced and compared 
with the sequences in the public databases. 



INVITED REVIEW 



F493 



Tb screen for deletions in patients, whole cosmids 
were hybridized to Southern blots of patient DNAs for 
the detection of aberrant sized bands or absent bands. 
In total, ~ 150 HYP patient DNAs were screened in this 
way. Four deletions were identified in closely situated 
cosmids (177, 234, 611, and 1005), implying that the 
gene causing HYP spanned this region (see Fig. 1). 
Hence, attention was focused on the DNA contained in 
these four cosmids; we began genomic sequencing this 
entire region and closely analyzing the localized ^cD- 
NAs. In parallel, restriction maps wetfe produced from 
the cosmids across this region, to verify the extent o* 
the deletions and to more finely map the cDNA clones. 

IDENTIFICATION OF THE PEX GENE 

The selected cDN A clones had relatively small insert 
sizes (400-800 bp); however, sequence analysis identi- 
fied several that were overlapping. In this way it was 
possible to reconstruct a longer sequence of a gene 
spanning the patient deletions. Comparison to the 
sequence databases revealed homologies of this new 
gene to a family of zinc metalloprotease genes (36), 
which includes neprilysin (NEP; see Ref. 13), endothehn- 
converting enzymes (ECE1 and ECE2; see Refs. 28, 74, 
90), and the Kell antigen (45). We named this new gene 
PEX for phosphate-regulating gene with homologies to 
endopeptidases on the X chromosome (38). By screen- 



ing PEX cDNAs against the patient DNA panels, it 
became obvious that each deletion removed at least one 
PEX exon. Experiments were then performed to com- 
plete the PEX gene structure; sequences of other exon 
trap products and selected cDNAs were examined for 
evidence of homology to endopeptidases, RT-PCR experi- 
ments were performed to link up these sequences, gene 
prediction programs were used to recognize exons in 
the genomic sequence, and a 5' rapid amplification of 
cDNA ends (RACE) reaction was performed in an 
attempt to identify the 5' end of the gene. PEX is now 
knov/n to consist of 22 exons spanning 220 kb of 
genomic sequence (30), which is the majority of the 
region defined by the microsatellite markers DXS7474 
and DXS1683. Interestingly, the DXSI683 marker is 
situated in the 3 ' untranslated region of PEX. 

The predicted amino acid sequence of PEX suggests 
that its protein structure closely resembles that pro- 
posed for NEP, ECE1 and ECE2, and Kell, which are 
type II integral membrane proteins. There is evidence 
for a short NH 2 -terminal cytoplasmic domain, followed 
by a hydrophobic region, which is likely to be a trans- 
membrane domain; and then a large extracellular 
domain. This latter domain contains several highly 
conserved sequence motifs thought to be involved in 
zinc binding and substrate catalysis. Specifically, these 
motifs are HEXXH (found in PEX exon 17) and 
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ENXADXGG (PEX exon 19), in which the underlined 
residues have been shown in NEP to be zinc binding 
ligands (46) and the aspartic acid residue has been 
shown to be involved in substrate catalysis (47). There 
are in addition 10 cysteine residues throughout the 
extracellular domain that are likely to be involved in 
protein folding; these residues are highly conserved in 
NEP, ECE1 and ECE2, and Kell. 

Cloning the human PEX gene has led to a relatively 
rapid cloning of the mouse Pex cDNA, which has high 
homology to human PEX (17, 79). Of interest, neither 
the human nor murine PEX/Pex genes have "classic" 
Kozak sequences (41). PEX is one of only 3% of known 
genes that does not have a purine at the -3 position 
before the ATG initiation sequence (17, 30, 79). This 
finding may be significant, because, in general, genes 
that do not have good Kozak sequences tend to be 
posttranscriptionally regulated (42), 

Although little is known about the Kell blood group 
protein, ECE1, ECE2, and NEP function as ectoen- 
zymes. NEP degrades/inactivates several small pep- 
tides including substance P, bradykinin, and enkepha- 
lin. ECE1 and ECE2, on the other hand, convert big 
endothelin-1 to endothelin-1, the active form (28, 90). 
Thus it is likely that PEX functions to either activate or 
degrade a peptide hormone. 

EXPRESSION PATTERN 

Although RT-PCR can be used to amplify PEX from 
lymphocyte and fetal brain RNA (38), it is not likely 
that these are the physiologically relevant tissues of 
expression. Database searches (17, 30) identified a 
highly significant match between the 5' end of PEX and 
an express sequence tag (EST) containing the 5' end of 
a rat incisor cDNA clone (GenBank accession no. 
R47026). Thus PEX is probably expressed in teeth and 
this may result in the high frequency of tooth abscesses 
in HYP patients. Du et al. (17) detected a 6.6-kb 
transcript in mouse bone and mouse osteoblasts with 
Northern blots using a mouse Pex cDNA. In light of the 
experiments that demonstrate an osteoblast defect in 
Hyp mice, it is not surprising that PEX is expressed in 
the osteoblast. In a more recent study, Beck et al. (3) 
detected Pex message from mouse calvaria, long bone, 
and lung and, to a lesser extent, brain, testis, and 
muscle by RT-PCR. They did not find Pex message in 
mouse kidney, heart, or liver. These findings in bone 
and lung were confirmed by ribonuclease (RNase) 
protection assay, a method that requires greater expres- 
sion levels than RT-PCR. Of note, levels of expression of 
Pex are two orders of magnitude less than that of 
P-actin (3). They also detected Pex expression on North- 
ern blots of polyA RNA from mouse bone and lung. 
These investigators also looked for PEX expression in 
human fetal tissues. They found expression by RT-PCR 
in calvaria, long bone, lung, ovary, and skeletal muscle 
(3). RNase protection confirmed expression in calvaria, 
ovary, lung, and muscle. PEX expression was approxi- 
mately seven times more abundant in calvaria than in 
lung, ovary, or muscle (3). Additional data are provided 
by Grieff et al. (32), who found PEX expression in adult 



ovary and lung as well as fetal lung and liver. In light of 
these findings there are several tissues that could play 
a role in phosphate homeostasis, and PEX may have 
roles in processes unrelated to phosphate homeostasis. 

PEX MUTATIONS 

To establish with certainty that PEX is the HYP 
gene, we looked for point mutations in HYP patients. In 
our initial efforts, we detected a frame-shift mutation 
caused by the loss of a TC dinucleotide in PEX exon 6. 
We also found two point mutations in the splice accep- 
tor site of the PEX exon 7. These two mutations led to 
exon skipping (38). More recent efforts (30, 72) have 
demonstrated mutations in almost every exon, and 
PEX mutations have been found by other investigators 
(15, 35). Although mutation detection is still ongoing, 
there does not appear to be a single common mutation 
that results in the HYP phenotype. Additionally, all of 
the mutations described so far appear to be loss of 
function mutations. 

The cloning of the mouse Pex cDNA ( 17, 79) provides 
an opportunity to interpret previous studies of Gy and 
Hyp mice in a new. light. Since there are phenotypic 
differences and an alleged biochemical difference be- 
tween these mice, several investigators have proposed 
that there were two closely localized genes that when 
mutated both resulted in phosphate wasting (14, 58, 
76). The occurrence of a single recombination event 
between Hyp and Gy (54) further supported this conclu- 
sion. Strom et al. (79) have, however, determined that 
the Hyp mouse has a deletion of the last seven Pex 
exons, and the Gy mouse has a deletion at the 5' end of 
the gene that involves the first 3 exons and an undeter- 
mined amount of upstream sequence. Hence, Hyp and 
Gy are allelic mutations of Pex. The human PEX gene 
covers a distance of 220 kb of genomic DNA (30), and it 
is likely that the mouse Pex gene covers a similar 
distance. Since the Hyp and {^.mutations occur at 
opposite ends of the gene, it is not surprising that a 
recombination event was detected between the two 
deletions. 

Despite the fact that Hyp and Gy both have muta- 
tions in Pex, there are still phenotypic differences 
between the two mutants: One enticing possibility is 
that the location of the mutations affects the pheno- 
type. However, there does not appear to be a strong 
genotype/phenotype correlation in humans (unpub- 
lished, observations). It has also been suggested that 
differences in the biochemical manifestations of the 
mutations may be related to background strain and 
dietary differences; Of note, when Hyp mice are bred 
onto the B6C3H background (the background on which 
the Gy mouse is bred) some of the mice exhibit circling 
behavior (58). However, the Gy male does not survive 
on the G57BL/J6 background (58). An alternative possi- 
bility is that one or both of the deletions may involve 
another gene in the region that influences the overall 
phenotype. Further work is required to provide an 
adequate explanation. In any event, the identification 
of the Hyp and Gy mutations provides strong evidence 
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that Pex is the only phosphate-regulating gene on this 
portion of the X chromosome. 

POSSIBLE ROLES FOR PEX IN NORMAL 
PHOSPHATE HOMEOSTASIS 

Despite that fact that mutations in the PEX gene are 
responsible for X-linked hypophosphatemia rickets, its 
role in the pathophysiology of HYP is not immediately 
obvious. Several observations should be taken into 
account when considering possible mechanisms. First, 
HYP is an X-linked dominant disorder with little, if 
any, gene dosage effect. In this regard, it is possible that 
mutations in the PEX gene result in a dominant 
negative effect. Alternatively, HYP could be a haploin- 
sufficiency disorder where having one-half the normal 
amount of PEX gene in females (or null amounts in 
males) could result in the disease phenotype. This 
latter possibility is favored, because the TK11 patient 
deletion (Fig. 1) and the murine Gy mutation almost 
certainly result in lack of message production (38, 79), 
. hence ruling out the possibility of a dominant negative 
effect. Second, as noted above, the Hyp and Gy mouse 
mutations result in decreased levels of Npf -2, the 
high-affinity/low-capacity sodium-dependent phosphate 
cotransporter. Thus it is likely that PEX serves to 
directly or indirectly regulate the expression of this 
transporter. Third, studies demonstrating PEX expres- 
sion in osteoblasts and those studies that demonstrate 
an osteoblast defect in the Hyp mouse indicate that the 
osteoblast defect is responsible for at least part of the 
mineralization abnormalities that are seen in the dis- 
ease. These studies also indicate that the osteoblast 
could play an important role in regulating phosphate 
homeostasis, although there is currently insufficient 
data to fully support this contention. Fourth, the 
existence of tumors that secrete phosphatonin, as well 
' as parabiosis data in the Hyp mouse, support the notion 
that the pathophysiology of the disease involves the 
elaboration of a humoral phosphate-wasting factor. 
Since PEX mutations, which result in the disease 
phenotype, are loss-of- function mutations and not acti- 
vating mutations, it is clear that PEX is not phosphato- 
nin. However, the PEX gene product may play a role in 
regulating the concentration of phosphatonin. 

There are several possible roles for the normal PEX 
protein in phosphate homeostasis. Since PEX is a 
member of the neutral endopeptidase family; it is 
possible that PEX degrades/inactivates phosphatonin. 
Thus mutations in PEX could interfere with this pro- 
cess and result in excessive concentrations of phospha- 
tonin. However, if this is the case, then one might 
predict that parabiosis between a Hyp and normal 
mouse would rescue the Hyp phenotype (i.e., the nor- 
mal Pex protein might be expected to degrade excessive 
phosphatonin from the mutant animal). However, para- 
biosis did not rescue the Hyp phenotype. Instead, 
normal mice, when parabiosed to Hyp mice, started to 
waste phosphate ( 57). Although resolution of this appar- 
ent discrepancy awaits additional data, it is possible 
that the kidney is exposed to the high phosphatonin 
level before the PEX protein has a chance to degrade it. 



Alternatively, the normal animal may not adequately 
upregulate PEX to degrade the excessive amounts of 
phosphatonin generated by the mutant animal. An- 
other potential mechanism of action that is in keeping 
with an enzymatic role for PEX is that, under normal 
circumstances, PEX could function to activate a phos- 
phate-conserving hormone. This possibility, has become 
more plausible in light of recent data that human 
stanniocalcin stimulates phosphate reabsorption when 
administered to rats (64). However, this model would 
also predict that parabiosis of normal mouse to Hyp 
mouse would rescue the Hyp phenotype. An additional 
possibility that fits in with the currently available data 
is that the PEX gene indirectly functions to inhibit the 
expression of phosphatonin. Thus mutations of the 
PEX gene, would result in over/expression of phosphato- 
nin and lead to renal phosphate wasting. 

CONCLUSION 

As is frequently the case when disease genes are 
identified by the positional cloning approach, identifica- 
tion of the gene does not guarantee immediate under- 
standing of the pathophysiology. However, until the 
PEX gene was cloned, no one had ever proposed that an 
enzyme played a role in the disease. Cloning the PEX 
gene has provided investigators with new opportunities, 
to understand the pathophysiology of the disease and 
normal phosphate homeostasis. Future research aimed 
at identifying the PEX substrate, PEX tissue expres- 
sion, and PEX regulation will undoubtedly add to our 
understanding of the disease. A more complete under- 
standing of the pathogenesis of HYP and other disor- 
ders of phosphate wasting will provide vital clues to 
understanding normal phosphate homeostasis. The 
available data indicate that control of phosphate homeo- 
stasis is a complex but fascinating process. 
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X-linked hypophosphatemic (Hyp) rickets is characterized by 
h short stature, rickets, and bone abnormalities. Biochemically, 
i hypophosphatemia and decreased renal reabsorption of pilos- 
is phate are the hallmark of the disorder. Mutation of the PEX gene 
has been linked to human and murine Hyp rickets. Our study 
: showed that phenotypical changes of this disease could be de- 
: tected in 6-wk-old mice, but not in 2-wk-old mice. Therefore, we 
|gs&'- developed a PCR. method to identify Hyp mice by detecting a 
lack of the 3' region of the PEX gene. Serum inorganic phosphate 
(Pj) levels were decreased, whereas alkaline phosphatase activity 
was increased in 2- and 6-wk-old Hyp mice. Northern blot 
showed that renal Na + -P ; transporter mRNA levels were de- 
creased by 2.1 -fold (1.47 ± 0.21 densitometry units for normals; 
0.68 ± 1 .43 for Hyp mice; p < 0.040) in 2-wk-old Hyp mice and 
by 1 .7-fold (2.41 ± 0.42 for normals; 1.44 ± 0.33 for Hyp mice; 
p < 0.027) in 6-wk-old mice. Western blot showed that levels of 
immunoreactive renal Na + -P ; transporter protein were decreased 



by 4.5-fold (0.90 ± 0. 1 0 for normals; 0.22 ± 0.08 for Hyp mice; 
p < 0.001) in 2-wk-old Hyp mice; and by 4.9-fold (1.47 ± 0.19 
for normals; 0.30 ± 0.09 for Hyp mice; p < 0.0001) in 6-wk-old 
Hyp mice. In addition, levels of Na^-Pj transporter mRNA and 
protein were increased between 2- and 6-wk-old normal mice, 
but not in Hyp mice. This study demonstrates an easy assay to 
detect Hyp mutation and characterizes the defect during ontog- 
eny of the Na + -P { transporter in Hyp mice. (Pediatr Res 44: 
633-638, 1998) 



Abbreviations 
PEXy phosphate regulating gene with homologies to 
endopeptidases, on the X chromosome 
Hyp, hypophosphatemic 
RT, reverse transcription 
BBM, brush-border membrane 
P„ inorganic phosphate 
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X-linked Hyp rickets is the most common form of inherited 
|: Vitamin D-resistant rickets in humans. This dominant disorder 
pja characterized by impaired growth and skeletal abnormalities 
f|&nd is manifest as rickets and osteomalacia in children and 
l^tlults, respectively (1). The hallmark of this disease is hy- 
pophosphatemia, secondary , to a defect in the renal sodium 
J!! phosphate (Na ' -P s ) transporter that leads to phosphate wasting 

fP?" 4) - ! 

fllltr Th e Hyp mouse is an animal model of X-linked Hyp rickets, 
Pl^Qd it displays biochemical and phenotypical abnormalities 
|||i#fenilar to the human disease. The defective gene for Hyp was 
|p; mapped to the short arm of the human X chromosome, Xp22.1- 
* !K!!: ^2.2 (5) and the distal end of the mouse X chromosome (6, 7). 
Hftudy of this human disease has been greatly facilitated by 
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discovery of this putative homolog in mouse. However^ the 
mechanisms underlying the bone and renal defects are still 
unclear. Recent studies have shown that the bone abnormalities 
are due to low serum phosphate levels, which result from 
decreased renal phosphate reabsorption (8). However, the in- 
testinal Na + -Pi transporter is shown to be normal in Hyp mice 
(9, 10). The defect in Hyp mice has been attributed to a 
humoral factor that leads to decreased expression of the Na + -P ; 
transporter mRNA and protein in the kidney of adult mice (2, 
4). However, the ontogenic changes of the renal abnormalities 
and the developmental progression of this disease are still not 
known. 

The PEX gene was identified as the gene defect in Hyp mice 
and it encodes a protein with homology to neutral endopepti- 
dases (11). Multiple deletion and point mutations have been 
found in human patients (11, 12). Recently, a 3'-end deletion 
of the PEX gene was found in Hyp mice (13). This observation 
provides a genetic basis for distinguishing Hyp and normal 
mice. The current investigation was designed to devise a rapid 
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genetic screening test for Hyp mice and to characterize the 
ontogenic change in the renal Na"*"-^ transporter. We devel- 
oped a simple genomic DNA screening method by PCR to 
identify Hyp and normal mice. Using this PCR method, we 
distinguished Hyp from normal mice at 2 and 6 wk of age. We 
further studied phenotypical changes and expression of the 
Na + -P, transporter in normal and Hyp mice during develop- 
ment. 

The early detection of Hyp mice by a simple tail-tipped PCR 
method will significantly enhance our understanding of devel- 
opmental aspects of vitamin D-resistant rickets. The change of 
serum Pi level and the defect in the renal Na^-Pj transporter in 
young Hyp mice without phenotypical changes may provide a 
unique opportunity for innovative therapies in the early stage 
of disease. 

METHODS 

PCR screening of genomic DNA isolated from Hyp and 
normal mice. Mutant Hyp heterozygote female (C57BI/ 
6J Hyp/+ , 6 wk) and normal male (C57BI/6J +/Y, 8 wk) mice 
were obtained from The Jackson Laboratories (Bar Harbor, 
ME). The mutant and normal mice were bred in the animal 
facility at the University of Arizona, College of Medicine. 
Female offspring mice were killed, and only male mice were 
used in the following experiments. The genotype of male Hyp 
and normal offspring of breeding pairs was determined by PCR 
screening. Body weight and tail length of each animal were 
determined before the experiments. The tail of the mouse was 
rinsed in water, then the tip of the tail (0.5 cm) was cut and 
digested in 700 ^lL of buffer (50 mM Tris, pH 8.0, 10 mM 
EDTA, 100 mM NaCl, and 1% SDS) with 17.5 /xL of protein- 
ase K (20 mg/mL) at 55°C for 4-5 h. Proteins were extracted 
with phenol/chloroform, and DNA was precipitated with eth- 
anol. The DNA pellet was dissolved in the 100 jjL of H 2 (X and 
2 pL of genomic DNA were used for subsequent PCR analysis. 
PCR was carried out using two sets of oligonucleotide primers 
designed specifically for 5' arid 3' regions of the mouse PEX 
gene. The primers for the 5' region of the PEX gene (1-105 bp) 
were: upstream, 5 ' -TAGC AG ACGAGC AAG AGAGT-3 ' ; 
downstream, 5 '-GGCTGGAG AGAAGACTTAGA-3' . The 
primers for the 3' region of the PEX gene (2257-2341 bp) 
were: upstream, 5 ' - AGGGTC A ATGGTGCC ATT A G-3 ' ; 
downstream: 5 ' -TGC ACCTCTGTTC ATAGTGG-3 ' . The 
PCR reaction was carried out for 30 cycles as follows: dena- 
turing at 94°C for 1 min,? annealing at 59°C for 2 min, and 
polymerization at 72°C for 2 min. The PCR products were then 
fractionated by gel electrophoresis on a 3% MetaPhor-agarosc 
gel (FMC BioProducts, Rockland, ME). The normal mice 
showed both 105- and 84-bp products for the 5' and 3' regions 
of the PEX gene, respectively, whereas Hyp mice only had a 
PCR product of 105 bp. Both PCR products for the PEX gene 
were subloned into pGEM-T vectors (Promega, Madison, Wl) 
and confirmed by sequence analysis (Applied Biosystem Di- 
vision 373 stretch upgraded automated DNA sequencer) and 
showed 100% identity Jo the mouse PEX cDNA (13). 

RT-PCR. Total RNA for RT-PCR was extracted from long 
bones (femur) of normal and Hyp mice (2 mo old) as described 
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below. The mutant and normal mice for these experiments 
were purchased from The Jackson Laboratories. Tissues were 
excised from animals, snap frozen, homogenized, and placed in 
a guanidinium thiocyanate solution (4 M guanidinium thiocy- 
anate, 42 mM sodium citrate, 0.83% SDS, and 0.2 mM J3-mer- 
captoethanol in diethyl pyrocarbonate-treated water). Proteins 
were extracted by phenol/chloroform, and total RNA was 
precipitated by isopropanol at — 20°C. To eliminate contami- 
nating genomic DNA, the RNA sample was digested with 
RNase-free DNase (10-20 U/100 jag of DNA, Boehringer- 
Mannheim, Indianapolis, IN) at 37°C for 30 min. After treat- 
ment, proteins were extracted by phenol/chloroform, and RNA 
was precipitated again. 

Total RNA (10 fig) from the bone was reversed transcribed 
using a mixture of random primers (500 ng), oligo(dT) primer 
(1 /Lg), RNAsin (40 U), and Moloney murine leukemia virus 
reverse transcriptase (200 U, Promega) in a total reaction 
volume of 25 jaL. The reaction was performed at 37 °C for 1 h; 
2.5 /xL of the RT mixture was used for subsequent PCR 
amplification using primers specific for 5' and 3' regions of the 
PEX gene and amplification parameters as described above. 

Measurement of serum phosphate and alkaline phospha- 
tase levels. Blood was drawn from the heart of normal and Hyp 
mice at 2 and 6 wk of age. Serum phosphate levels and alkaline 
phosphatase activity were measured using Sigma Chemical Co. 
diagnostic kits (Sigma Chemical Co., St. Louis, MO), and the 
procedures were done following the manufacturer's protocol. 
The reaction of phosphate with ammonium molybdate in the 
presence of H 2 S0 4 , produced a phosphomolybdate complex. 
The absorbance of this complex at 340 nm was measured by a 
spectrophotometer, and this value was used to calculate P ; 
levels. To assess serum alkaline phosphatase activity, serum 
was incubated with p-nitrophenyl phosphate, and the absor- 
bance of converted complex was measured at 400-420 nm. 
This value was used to calculate alkaline phosphatase activity. 

Northern blot analysis of renal Na+-P t transporter mRNA 
levels. Total RNA was isolated from kidney cortex of individ- 
ual normal and Hyp mice at 2 and 6 wk of age as described 
above. Total RNA (15 fxg) from each animal was used for 
Northern blot analysis by a standard technique as described 
previously (14, 15). RNA was fractionated by denaturing 
agarose gel electrophoresis, and transferred to a nitrocellulose 
membrane. The membrane was prehybridized at 65°C for 4 h 
with a buffer containing 6x SSC, 5x Denhardt's solution, 
10% dextran sulfate, i% SDS, and 100 ^g/mL denatured 
salmon sperm DNA. Hybridization was carried out at 65°C 
overnight in the same solution with [a- 32 P]dCTP-labeled 
probes prepared from full-length mouse Na + -P ; transporter 
type II cDNA (13) by random prime labeling (Amersham, 
Arlington Heights, IL; specific activity, 1 X 10 7 dpm/mL). 
High stringency washes were carried out at 65°C with 0.1X 
SSC and 0.1% SDS. The blot was subsequently reprobed with 
IB 15 cDNA-specific probe, which is a constitutively expressed 
gene encoding rat cyclophilin (14). The blot was imaged and 
the signal intensities were measured by phosphorimage analy- 
sis (GS-525, Bio-Rad). Hybridization intensities for each sam- 
ple were normalized for IB 15 levels on the same blot. 
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Western blot analysis of the Na^-Pi transporter protein 
levels. Kidney cortex was excised from 2- and 6-wk-old nor- 
mal and Hyp mice. BBMs were purified by the MgCl 2 precip- 
itation technique as described previously (2). Protein was 
quantitatcd by Lowry protein assay (Bio-Rad kit). Purity and 
enrichment of one kidney cortex membrane preparation was 
assayed by measuring a BBM-specific marker, leucine amino- 
peptidase activity (Sigma Chemical Co. diagnostic kit). Protein 
samples (20 ^g) were fractionated by 10% SDS-PAGE and 
transferred onto a nitrocellulose membrane. The membrane 
was blocked overnight in PBS/0.05% polyoxyethylene sorbitan 
monolaurate (Tween 20)/5% powdered milk. The strips were 
then incubated with primary antiserum at 1:4000 dilution in 
PBS/0.05% Tween 20/0.1% milk at room temperature for 1 h. 
This polyclonal antibody was raised in rabbit against a mouse 
Na + -Pj transporter-specific COOH-terminal peptide, and the 
specificity of this antiserum for Na + -Pj transporter has been 
extensively characterized previously (2, 14, 15). After several 
more washes, the strips were incubated with secondary anti- 
bodies (anti-rabbit immunoglobulin horseradish peroxidase- 
linked anubody) at 1:1500 dilution for 45 min at room tem- 
perature. After several washes, the strips were exposed to 
enhanced chemiluminescence reagents (ECL system; Amer- 
sham) for 1 min and placed to film for 30 s to 3 min. 
Subsequently, the blots were reacted with mouse monoclonal 
/3-actin antiserum (Sigma Chemical Co.), which serves as an 
internal control for gel loading and transfer. Signal intensities 
for the Na + -Pj transporter were determined by densitometric 
analysis using the Bio-Rad GS-700 image densitometer and 
were normalized for /3-actin signal intensities on the same blot. 

Statistical analysis of results. All data were analyzed for 
statistical significance by factorial one-way ANOVA, using the 
StatView software (Abacus Concepts, Ins., version 4.53) and 
are presented as mean ±S.E.M. 

RESULTS 

Identification of normal and Hyp mice by PCR amplifica- 
tion of genomic DNA. To determine whether animals were 
normals or mutants, genomic DNA isolated from the tip of the 
mouse tail was used for PCR amplification. Figure I A shows 
PCR amplification products from 2- and 6-wk-6ld normal and 
Hyp mouse genomic DNA using specific primers for 5' and 3' 
regions of the PEX gene. The expected band size for the 5' 
legion of the PEX gene is 105 bp and for the 3' region is 84 bp. 
The results showed that both PCR products were obtained from 
normal mice and only the PCR product for the 5 ' region of the 
PEX gene was obtained in Hyp mice. This lack of the 3' region 
of the PEX gene in Hyp mice was further confirmed by 
RT-PCR amplification of cDNA generated from bone mRNA 
i:o which the PEX gene mRNA is expressed. Figure IB shows 
t&at both bands were amplified from the bone RT reaction of 
Jttsrmal mice, but only the 5' region of the PEX gene was 
amplified from the bone RT reaction of Hyp mice. These 
Jesuits are consistent with the previous observation that 3' 
• region of the PEX gene was deleted in Hyp mice (13). Based 
:?m this deletion mutation in Hyp mice, the PCR detection of the 
<&EX gene mutation from genomic DNA allowed us to identify 
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Figure 1. Identification of normal and Hyp mice by PCR amplification. (A) 
Genomic DNA was isolated from the tip of the tail of individual normal (N) 
and Hyp (H) mice at 2 and 6 wk of age. PCR amplification was performed with 
primers specific for 5' and 3' regions of the PEX gene in separate reactions. 
PCR products from these two reactions (105 bp for the 5' region and 84 bp for 
the 3' region) were loaded in the same gel lane for each sample. N-C is 
negative PCR amplification without template DNA. (B) Total RNA was 
extracted from bone of normal (TV) and Hyp (H) of adult mice (2 mo). PCR 
amplification was carried out using cDNA reverse transcribed from RNA. 
RT-PCR products for 5' and 3' regions of the PEX gene were loaded in the 
same gel lane. No-RT is PCR amplification using RNA as a template. N-C is 
a PCR amplification without DNA. 

the normal and Hyp mice at any developmental stage for 
subsequent experiments. 

Phenotypical changes in Hyp mice at 2 and 6 wk of age. 
Figure 2 shows the phenotypical changes in normal and Hyp 
mice at 2 and 6 wk of age. The body weight and tail length 
measured from each animal were compiled in Figure 2, A and 
B y respectively. In 2-wk-old animals, data points overlapped 
between normal and Hyp mice, and there are no significant 
differences in body weight or tail length between the two 
groups. The body weight was 8.23 ± 0.26 g for normals (n = 
14) and 7.76 ± 0.41 g for Hyp mice (n = 1 1); tail length was 
3.99 ± 0.08 cm for normals (n = 14) and 3.72 ± 0.10 for Hyp 
mice (n = 31). However, in 6 wk old Hyp mice, the body 
weight and tail length were significantly decreased as com- 
pared with normal mice. Body weight of 6-wk-old mice was 
22.04 ± 0.38 g for normal mice (n = 12) and 18.53 ± 0.36 g 
for Hyp mice (n = 1 1; p < 0.0001). Tail length for 6-wk-old 
animals was 7.23 ± 0.06 cm for normal (n — 12) and 5.58 ± 
0.08 cm for Hyp mice (n = 11; p < 0.001). These data 
indicated that Hyp mice did not develop any phenotypical 
changes at the early stage (2 wk), but manifest a shorter tail and 
lower body weight at the later stage (6 wk). 

Changes in serum phosphate levels and alkaline phospha- 
tase activity in 2- and 6-wk-old Hyp mice. Serum phosphate 
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Figure 2. Assessment of pheno typical changes in body weight and tail length 
in 2- and 6-wk-old Hyp mice. Body weight and tail length were measured from 
normal and Hyp mice at 2 and 6 wk of age. Data for body weight and tail are 
compiled in panels A and B, respectively. The graphs show the distribution of 
data points obtained from individual animals. 2w~Nor and 6w~Nor are 2- and 
6-wk-old normal mice, respectively. 2w-Hyp and 6w~Hyp are 2- and 6-wk-old 
Hyp mice, respectively. The mean ± SEM is indicated only in the text. 

(Pi) levels and alkaline phosphatase activity from normal and 
Hyp mice at 2 and 6 wk of age are depicted graphically in 
Figure 3, A and B, respectively. In 2-wk-old animals, serum Pj 
levels were 14.62 ± 0.51 (mg/dL) for normals (n = 14) and 
10.10 ± 0.61 mg/dL for Hyp mice (n = 7). In 6-wk old mice, 
serum P ; levels were 1 1 .78 ± 0.46 mg/dL for normals (n = 11) 
and 6.81 ± 0.25 mg/dL for Hyp mice (n = 11). Interestingly, 
although there are no phenotypical changes in 2-wk-old Hyp 
mice as described above, serum P$ levels were significantly 
decreased in both 2- and 6-wk-old Hyp mice (p < 0.0001 for 
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Figure 3. Changes in serum P ( levels and alkaline phosphatase activity in 2- 
and 6-wk-old Hyp mice. Serum P i levels {A) and alkaline phosphatase activity 
(5) were measured from normal and Hyp mice at 2 and 6 wk of age. Data are 
presented as mean ± SEM for each group. The asterisk (*) indicates a 
significant difference between normal and Hyp mice for both ages (p < 
0.0001). In addition, for normal mice, there are significant differences between 
2- and 6-wk groups for both serum P> levels and alkaline phosphatase activity 
{p < 0.0001 for both, not indicated). 



both ages, normal versus Hyp). For serum alkaline phosphatase 
(Fig. 35), activity levels were 18.73 ± 0.78 U/mL (Sigma ! 
Chemical Co.) for normals and 27.42 ± 1.13 U/mL for Hy p • 
mice at 2 wk of age, and were 8.86 ± 0.56 U/mL for normals 
and 18.51 ± 0.80 U/mL for Hyp mice at 6 wk of age. These 
values showed significant differences between normal and Hyp 
mice at both age groups (p < 0.0001, normal versus Hyp for 
both ages). These data indicated that serum P { levels and 
alkaline phosphatase activity were significantly altered in the 
young Hyp mice, although they have not yet developed any 
phenotypical changes. In addition, serum Pj levels were sig- 
nificantly decreased between 2- and 6-wk-old animals in both 
normal and Hyp groups (p < 0.0001 2 wk versus 6 wk for 
both), whereas alkaline phosphatase activity was significantly 
decreased between 2- and 6-wk-old mice in both normals and 
Hyp mice (p < 0.001, 2 wk versus 6 wk for both). 

Changes in Na*-P £ transporter mRNA levels in Hyp mice 
at 2 and 6 wk of age. The defect in the renal Na + -Pj transporter 
expression pathway in 2- and 6-wk-old Hyp mice was studied 
at the levels of mRNA and protein. Northern blot analysis was 
used to determine the level of Na ' -P. transporter mRNA in 2- 
and 6-wk-old normal and Hyp mice (Fig. 4). The 2.6-kb band 
is specific for the renal Na^-Pj transporter and the 1.0-kb band 
corresponds to rat IB 15 (Fig. 4A). In addition, a faint 4.6-bp 
band was also hybridized with the Na + -Pj probe as previously 
described (2) (data not shown). The signal intensity of the 
Na*-P; transporter was normalized by the 1B15 signal for each 
sample. The data were averaged and presented graphically in 
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Figure 4. Northern blot analysis of renal Na + -Pj transporter mRNA levels in 
normal and Hyp mice at 2 and 6 wk of age. (^4) Total RNA was prepared from 
kidney cortex of individual normal (//) and Hyp (AV) mice at 2 and 6 wk of age. 
Hybridization to mouse renal Na 1 -P t transporter-specific probes showed a 
predominant transcript at 2.6 kb and a minor transcript at 4.6 kb (the 4.6-kb 
band was revealed only after long exposure; data not shown). The hybridiza- 
tion signal at 1.0 kb corresponds to a constitutive IB 15 (cyclophilin) on the 
same blot. (B) Signal intensity for the Na 1 -Pj transporter was normalized by 
signal intensity for 1 B \ 5, and data arc presented as mean ± SEM for each 
group. The asterisk (*) indicates a significant difference between normal and 
Hyp mice in both age groups {p < 0.03 for 2 wk; p < 0.02 for 6 wk). For 
normal mice, there is also a significant difference between 2 and 6 wk {p < 
0.02; not indicated). 
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fe&t 1 *^ 48- The results showed that Na^-Pj transporter mRNA 
ll§fyds in 2-wk-old mice were 1.47 ± 0.21 arbitrary densito- 
t^s j^Uic units in normals (n — 6) and 0.68 ± 0.14 in Hyp mice 
'Ipp ss 7), whereas for 6-wk-old mice levels were 2.41 ± 0.42 in 
^;^^prmals (n = 5) and 1.43 ± 0.33 (n = 5) in Hyp mice. 
Iwlllt^istical analysis showed significant decreases in both 2- and 
ilSllfe^" 01 ^ **yp mice ^ compared with normal mice (p < 0.039, 
inal versus Hyp at 2 wk; p < 0.027, normal versus Hyp at 
p p wk). In addition, in normal mice, the Na + -Pi transporter 
ll^-b^NA was significantly increased during ontogeny (p < 
V^.i)25, 2 versus 6 wk). Although statistical analysis showed no 
llUgaiiicancc difference between ages in Hyp mice (p = 0.058), 
*j|^ftere was a strong trend that Na + -P ; transporter mRNA levels 
developmentally increased in Hyp mice. These data 
^§i§rionstrated that a defect in the renal Na"*"-^ transporter at the 
l§|pRNA level in Hyp mice occurred at least as early as 2 wk. 
j^gm Changes in Na + -Pj transporter protein levels in Hyp mice 
f||li£;:2 and 6 wk of age. Kidney BBM were obtained from 
individual mice. The membrane preparation was enriched 22- 
|§3-fbld compared with crude membrane homogenate as deter- 
S|: W ned ky leucine aminopeptidase activity. Figure 5A shows 
||||||Western blot analysis of renal BBM proteins from normal and 
cspSc- Hyp mice at 2 and 6 wk of age. Antiserum specific for mouse 
Jlllpfenal Na + -Pj transporter showed a predominant 87-kD band, 
llttl&d antiserum against S-actin showed a 42-kD band. In addi- 
i^sv tion, a minor 37-kD band was also detected with antiserum 
SP :Ugainst the Na + -Pj transporter as previously described (2, 14) 
:fdata not shown). The intensity of the signal for the 87-kD 
.^^^pa^-Pi transporter band was normalized by /3-actin on the 
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figure 5. Western blot analysis of renal Na^-P ( transporter protein levels in 
: normal and Hyp mice at 2 and 6 wk of age. (A) BBM proteins were isolated 
■xfrom individual normal (AO and Hyp (H) mice at 2 and 6 wk. Protein (20 fxg) 
pfrom each sample was fractionated by. 10% SDS-polyacrylamidc gel and 
:; ; transferred onto nitrocellulose. Reaction with a mouse specific Na^-Pj trans- 
;:pprtcr antiserum shows a predominant 87-kD band and a minor 33-kD band 
: (33-kD band not shown). 0-Actin serves as an internal control for loading. (B) 
; Signal intensity for the Na + -Pj transporter was normalized by signal intensity 
; for £-actin, and data are presented as mean ± SRM for each group. The 
i: asterisk (*) indicates a significant difference between norma) and Hyp mice in 
i both age groups (p < 0.001 for 2 wk; p < 0.0001 for 6 wk). For normal mice. 
■ there is also a significant difference between ages of 2 and 6 wk (p < 0.003; 
iJiot indicated). } 



same blot, and results are depicted graphically in Figure 5B. 
For 2-wk-old animals, the signal intensity was significantly 
decreased in Hyp mice (0.22 ± 0.08 densitometric units, n = 
5) as compared with normal mice (0.90 ± 0.10, n = 7; p < 
0.0011). For 6-wk-old animals, the signal intensity was also 
significantly decreased in Hyp (0.30 ± 0.09, n — 5) compared 
with normal (1.47 ± 0.19, n = 6; p < 0.0001) mice. The 
normal mice showed ontogenic increase of Na + -P; protein 
levels from 2 to 6 wk (p < 0.0001). However, Hyp mice 
showed no significant difference during development. 

DISCUSSION 

X-linked hypophosphatemic rickets shows similar pheno- 
typical changes in humans and mice, including growth retar- 
dation and skeletal abnormalities. In 6-wk-old mice, a 16% 
reduction in body weight and a 23% shortening in tail length 
were observed in Hyp mice compared with normal mice. 
However, these changes were not evident in the early age 
(suckling stage, 2 wk), suggesting that the skeletal abnormal- 
ities develop over a period of time and are manifest only in the 
older age group. Therefore, there were no phenotypical assess- 
ments that could be used in the early stage to distinguish Hyp 
from normal mice. Here we report a simple tail-tipped PCR 
method to screen for the genotype of male Hyp and normal 
mice. Using PCR to amplify genomic DNA isolated from mice 
allows us to accurately and rapidly segregate the normal and 
mutant (Hyp) mice in the male sex group. Both 5' and 3' 
regions of the PEX gene were amplified from normal mice, 
whereas only 5' region of the PEX gene was amplified from 
Hyp mice, because a uniform deletion mutation has been 
identified in all Hyp mice (13). This method, however, cannot 
distinguish normal from heterozygote female animals, because 
most studies were carried out using male mice. This PCR 
method facilitated the studies of Hyp mice, particularly in the 
early stage when the phenotypical changes were not evident. 

To further confirm this method, mice screened at 2 wk of age 
were followed into adulthood and physiologic parameters were 
assessed. We found that Hyp or normal mice that were geno- 
typed by PCR at 2 wk of age indeed developed Hyp or normal 
phenotype in adulthood as expected. 

Serum Pj levels and alkaline phosphatase activity were 
measured in 2- and 6-wk-old mice. Decreased serum P ; levels 
and increased alkaline phosphatase activities in adult Hyp mice 
have been shown previously (1, 17). The current study addi- 
tionally showed that, in 2-wk-old animals, Hyp mice have 
already developed these biochemical changes. The serum P s 
level was decreased by 31% in 2-wk-old Hyp mice, whereas a 
reduction of 42% was observed in 6-wk-old mice. In contrast 
to serum P s level, the activity of alkaline phosphatase was 
increased by 46% in 2-wk-old Hyp mice and 109% in 6-wk-old 
Hyp mice compared with the normals. Although the Hyp state 
occurred in the early stage (2 wk), the phenotypical features of 
Hyp mice were not evident until the later stage (6 wk), 
suggesting that the bone abnormalities resulted from low serum 
P s levels and took place over a period of time. 

The pathogenesis of the hypophosphatemic rickets has been 
linked to a defect in the renal Na + -Pj transporter (2-4, 15). 
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Previous studies have shown a decrease in renal BBM vesicle 
sodium-dependent phosphate uptake in Hyp mice (3, 9). Mo- 
lecular characterization of this defect showed a 3-fold decrease 
in mRNA level for the Na + -Pi transporter and 6-10-fold 
decrease in protein levels in adult Hyp mice (2, 15). However, 
whether this Na + -P 4 transporter defect occurs in the early stage 
of Hyp mice is not known. The present study showed that 
Na + -Pi transporter mRNA levels were decreased by 2. 1 -fold in 
2-wk-old Hyp mice and 1.7-fold in 6-wk-old Hyp mice as 
determined by Northern blot analysis. Western blot analysis 
showed that Na + -P ; transporter protein levels were decreased 
by 4.5-fold in 2-wk-old Hyp mice and 4.9-fold in 6-wk-old 
mice. The discrepancy of decreased levels of the Na + -Pi 
transporter mRNA and proteins in older mice between the 
current and previous studies mentioned above may be due to 
the fact that individual animals were used here as opposed to 
groups of animals in the previous study, or that 6-wk-old 
animals were used in the current study, whereas 6-10-wk-old 
animals were used in the previous study. Overall, in the current 
study, the reduction of the Na + -P; transporter protein is greater 
than mRNA, suggesting that a posttranscriptional mechanism 
in addition to a transcriptional mechanism may be involved in 
regulation of renal Na + -Pj transporter in Hyp mice. To date, 
there are no other studies that have been done to address this 
question. 

Ontogenic changes in renal Na + -Pj transporter expression 
were studied only in rats previously. The abundance of renal 
Na 1 -Pj transporter mRNA analyzed by Northern blot was not 
significantly changed during development in the rat. However, 
the immunoreactive protein level analyzed by Western blot 
analysis showed a gradual increase from 2 wk of age to 
adulthood (18). However, the current study showed that ex- 
pression of the Na + -Pi transporter mRNA was regulated during 
development in normal mice. In normal mice, the mRNA level 
for the Na + -Pj transporter was significantly increased by 1.7- 
fold, whereas the protein level was significantly increased by 
1.6-fold between 2 to 6 wk of age. The correlated increases in 
levels of mRNA and protein during ontogeny of normal mice 
suggested a transcriptional regulation may be involved. How- 
ever, it is still unclear why mice and rats showed different 
developmental expression patterns; that Na + -Pi mRNA levels 
were up-regulated in mice, but did not change in rats. 

The PEX gene, a candidate gene for X-l inked hypophos- 
phatemic rickets, has been known to be expressed predomi- 
nately in the mouse bone, lung, and embryo (13). The early 
expression of this gene may dictate an early onset of regulation 
of the renal Na + -Pj transporter in mice. In Hyp mice, a large 
3 '-end deletion (approximately 1 kb) of the PEX gene tran- 
script has been identified (13). Therefore, most likely, this 
genetic defect affects the expression of the Na + -Pj transporter 
in the early stage of development. This hypothesis was indeed 
confirmed by an early occurrence of the renal Na + -P t trans- 
porter defect in genetically identified Hyp mice observed in our 
study. The inhibition of expression of Na + -Pj transporter and 
changes in serum Pj and alkaline phosphatase were detected in 
2-wk-old Hyp mice. These pathologic changes in Hyp mice 
possibly occur even earlier than the 2 wk of age studied here. 



However, phenotypical changes were developed only after 2 
wk of age. Significant growth retardation as assessed by lower 
body weight and shorter tail length in Hyp mice can be 
identified in 6-wk-old Hyp mice. These results demonstrate the 
great potential and implications in seeking early intervention 
for human patients whose scrum Pj levels are already reduced, 
but have not yet developed phenotypes. The early effective 
therapy in raising serum P t levels may eventually prevent the 
skeletal abnormalities in the later stage of disease. However, 
conventional therapies with phosphate and vitamin D have not 
been effective, and future investigations should be directed at 
developing gene therapy strategies at the early stage. Osteo- 
blast cell-specific delivery of the normal PEX gene or direct 
delivery of Na 1 gene to renal cortex of Hyp mice by 
intrarenal-pelvic infusion at the early stage will be suitable 
approaches to correct the defect in Hyp mice. 
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' X-linked hypophosphatemia rickets in humans is caused by mutations in the PEX gene which codes for a protein 
homologous to neutral endopeptidases. Hyp and Gy mice both have X-linked hypophosphatemia rickets, 
although genetic data and the different phenotypic spectra observed have previously suggested that two different 
genes are mutated. In addition to the metabolic disorder observed in Hyp mice, male Gy mice are sterile and show 
circling behavior and reduced viability. We now report the cloning of the mouse homolog of PEX which is highly 
conserved between man and mouse. The 3' end of this gene is deleted in Hyp mice. In Gy mice, the first three exons 
and the promoter region are deleted. Thus, Hyp and Gy are allelic mutations and both provide mouse models for 
X-linked hypophosphatemia. \ 



INTRODUCTION 

A gene mutated in patients with X-linked hypophosphatemia 
rickets recently has been described by the HYP consortium (1). 
The gene named PEX (phosphate-regulating gene with homo- 
logies to endopeptidases on the X chromosome) was identified by 
positional cloning and is predicted to encode a protein which 
belongs to the neutral endopeptidase family of zinc metallo- 
proteinases including neutral endopeptidase (NEP), endothelin- 
converting enzyme 1 and 2 (ECE) and Kell antigen (2-6). 
Loss-of-function mutations are present in a large proportion of 
familial and sporadic cases of hypophosphatemia (Francis et al. y in 
preparation). PEX may activate a phosphate-conserving protein or 
deactivate a phosphate-wasting protein, but the exact functional 
role of the endopeptidase remains obscure. 

Two mouse models for hypophosphatemia have been described 
extensively, Hyp (7) and Gy (8) mice. Hyp arose as a spontaneous 
mutation and affected mice show hypophosphatemia, impaired 
renal tubular phosphate reabsorption and vitamin D non-respon- 
sive rickets or osteomalacia, closely resembling human X-linked 
hypophosphatemic rickets (7). 17ie Gy mutation was found 
among the offspring of an irradiated female mice. In addition to 
hypophosphatemia, affected Gy males and some affected female 
animals show circling behavior and inner ear abnormalities. 
Furthermore, male affected animals are sterile and have reduced 
viability from birth, with sudden death occurring in adults (8). 
There has been speculation that a subset of X-linked HYP patients 



with hearing defects may be the counterpart of the Gy phenotype 
in mouse (9). 

Both Hyp and Gy loci are known to map to a region of the 
mouse X chromosome syntenic to the human PEX locus. They 
have been reported to show a recombination fraction of 0.4-0.8% 
(8). This led to the suggestion that mutations in two different 
genes, closely situated on the X chromosome and both involved 
in phosphate metabolism, are responsible for hypophosphatemia. 

There have been conflicting reports regarding the biochemical 
differences between the Hyp and Gy mouse phenotypes. Gy mice 
have been reported to maintain an appropriate elevation of renal 
1 ct-hydroxylase relative to hypophosphatemia (10), while Hyp 
mice manifest only normal, not increased, enzyme activity 
(11-13). However, elevation of renal 1 ct-hydroxylase levels in 
Gy mice could not be confirmed by other investigators (14). Two 
types of renal sodium phosphate co-transporters have been cloned 
(15,16) and reduced mRNA levels for the type 2 sodium 
phosphate co-transporter in Hyp (17) and Gy (18) kidney have 
been demonstrated. Other investigators, however, found that 
mRNA levels for this co-transporter were normal although the 
levels of immunoreactive protein were reduced (19). This led to 
the proposition that the molecular defects in the expression of this 
co-transporter are distinct in Hyp and Gy mice. 

There has also been speculation that Hyp and Gy exhibit 
strain-related differences since they are present on different 
background strains. Hyp mice are maintained on a C57BI76J 
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Figure 1 . Cloning strategy of the Pex gene and mapping of intragenic deletion breakpoints in Hyp and Gy. The composite cDNA sequence was derived from ( 1 ) an 
umphcedspl^ 703H24279. (4) a 1.3 kb£coRI fragment and (5) a 1 Okb 

EcoM ^fragment of P! 703B06300. RT-PCR and RACE reactions were then performed to complete the sequence. The exon boundaries marked by a solid line were 
denved frarn the genomic sequence or by assigning RT-PCR products of incremental exon length (based on the knowledge of the exon boundaries in the human gene) 
to tcoRX or HmdUl bands. Exon boundaries marked by dotted lines are not yet determined and are drawn corresponding to those in the human gene Gy bears a deletion 
of the first three exons including the S'-UTR. In Hyp, the last seven exons including the 3'-UTR are deleted. C = conserved cysteines, Zn = zinc coordinating domains 



background, whereas Gy mice are on a B6C3H background. 
When the Gy mutation is transferred to the C57BL/6J strain, 
however, male Gy mice do not survive (20). Therefore, it seems 
that interstrain differences alone do not explain the phenotypic 
and biochemical differences. In summary, it has been widely 
assumed that Hyp and Gy are different but closely linked loci. 

Recently, the sequence of the mouse homolog of PEX and its 
expression in bone tissue has been described by Du et al (2 1 ). No 
mutations were detected in Hyp mice using a RT-PCR approach, 
although bone tissue and cultured osteoblasts were found to be 
negative for Pex expression. Here we report allelic Pex mutations 
in both Hyp and Gy, thus providing mice models for the human 
disease. 

RESULTS 

Mouse homolog of PEX 

To obtain the mouse homolog of PEX, we first screened 1 000 000 
clones each of a mouse spleen and mouse B-cell library. Only a 
single unspliced clone (2.9 kb) was obtained from the spleen 
library corresponding to bp 664-732 (corresponding to human 
exon 6) of the final mouse sequence. 

We then screened a mouse PI library with human PEX cDNA 
and isolated two clones 703H24279 and 703B06300. Clone 
703H24279 was positive for a cDN A fragment corresponding to 
bp 1-1079 of the composite mouse sequence, clone 703B06300 
to a cDNA fragment corresponding to bp 1900-2148. Positive 
fragments of the PI clones (2.9 kb EcoRl-HindUl and 2.5 kb 
HindUI fragments of 703H24279 and 1.3 and 1.0 kb EcoKI 
fragments of 7O3B0630O) were subcloned and sequenced. The 
2.9 , 2.5, 1.3 and 1.0 kb fragments contained the sequence from 
bp 191 to 349 (corresponding to human exon 3), 934-1079 
(corresponding to human exon 9), 1900-1968 (corresponding to 
human exon 19) and 2071-2148 (corresponding to human exon 
21), respectively. The sequence between these exons was 
obtained by RT-PCR in mouse cDNA randomly transcribed from 
white blood cells, 12.5 day total fetal mouse and mouse adult 
kidney RNA. 

To obtain the 5' and 3' end of the gene, we used rapid 
amplification of cDNA ends (RACE) with 17 day total fetal 
mouse cDNA as template. PCR fragments of -800 and 900 bp 



were generated by 5' RACE and 3' RACE, respectively. 
Sequencing of the 5' RACE product yielded the missing 5' coding 
sequence and 530 nucleotides of the upstream sequence. The 3' 
RACE product yielded the missing 3' coding sequence, 2 1 6 bp of 
the downstream sequence and ended in a CTTTT repeat (Fig. 1). 

RT-PCR was performed successfully in cDNA from mouse 
bone, muscle and fetal brain tissues. 

Gene structure 

The composite cDNA sequence comprises 2993 nucleotides. The 
predicted open reading frame (ORF) of 2247 nucleotides encodes 
a protein of 749 amino acids. The gene is highly conserved 
between man and mouse. The mouse gene shows 9 1 % identity at 
the DNA level and 96% identity at the protein level to the human 
gene (GenBank accession no. U60475). The sequence identity is 
lower in the intracellular and membrane domain (83% between 
amino acids 1 and 58) than in the extracellular part (97% between 
59 and 749) of the proteins (Fig. 2). 

We assigned the start codon to the first AUG codon after an 
in-frame stop codon at position -24 to -2 1 . The sequence around 
this start codon deviates from the Kozak consensus sequence 
especially in the -3 position (22), where a purine residue is 
expected. Also, the 5'-untranslated sequence is burdened with 
two in-frame and three out-of-frarne AUG codons. These deviant 
features have only been found in genes which are highly regulated 
at the post-transcriptional level and thus intended for poor 
translation. On the other hand, these phenomena have been 
reported in cDNAs which do not correspond to the mature mRNA 
but are caused by alternative splicing or promotor switching (23). 
However, within 11 kb of genomic sequence upstream of the 
human gene (Francis etal., in preparation) there was no indication 
of additional exons or promotor sites predicted by exon recogni- 
tion programs. Furthermore, the 530 nucleotides of the 5'-un- 
translated sequence of Pex show a high identity of 82% with the 
human sequence, and the first seven translated amino acids 
(MEAETGS) are identical, indicating that the AUG at position 
1-3 could in fact correspond to the start codon. 

With the cloning of the mouse homplog of PEX, the complete 
cDNA sequence is now available. Similarity searches confirm 
that Pex is a member of the endopeptidase (24) or Ml 3 family of 
metallopeptidases (25) which comprises NEP, ECE-1, ECE-2 
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Figure 2. Alignment of PEX with the mouse homolog Pex generated with CLUSTAL and PRETTYBOX (GCG version 8. i ). The dashed line indicates the predicted 
transmembrane domain. The potential Ann glycosylation sites are indicated by asterisks, the cysteine residues which are conserved between NEP, ECE KELL and 
PEX by a C, and the zinc-coordinating motifs by the sequences HEFTH and ENIADNGG. 



and KELL and show an overall similarity of 50-60% between 
each other. The extracellular domain of Pex contains 10 cysteine 
residues that are conserved within the endopeptidase family and 
suggest not only primary but also tertiary structure similarity 
within this family. The homology is more pronounced in the 
C-terminal fifth (275 amino acids) of the gene which contains the 
zinc-coordinating motifs. At position 580-584, Pex contains the 
zinc binding motif which is characteristic for most zincins 
(HEXXH) (26) where the two histidines are zinc coordinating. 
Sixty three amino acids downstream lies the motif which is 
characteristic for the endopeptidase family (ENXADXGG) (27) 
where glutamic acid is thejhird zinc ligand. In the case of NEP, 
amino acids involved in substrate binding have been identified 
using site-directed mutagenesis. Glu584 and Asp650 participate 
in the catalytic mechanism (27,28). His7 i 1 was shown to be 
involved in the stabilisation of the tetrahedral intermediate during 
the transition state (29). These amino acids are conserved in Pex 



and correspond to Glu581, Asp645 and His710. 
Hyp and Gy deletions 

In addition to the five Pex exons for which the exon-intron 
boundaries have been sequenced, the overall exon-intron struc- 
ture was characterised by assigning Pex exons to single EcoRl 
and HindUl fragments. Overlapping RT-PCR products corre- 
sponding to human exons 1-5 identified 4.5 (exon 1), 11 (exons 
2 and 3) and 4.5 kb (exons 4 and 5) EcoRl fragments and 2.7 
(exon 1), 5.9 (exon 2), 6.1 (exon 3) and >15 kb (exons 4 and 5) 
///Vidlll fragments in control mice. Overlapping RT-PCR prod- 
ucts corresponding to human exons 15-22 identified 6.0 (exon 
15), 6.5 (exon 16), 4.0 (exons 17 and 18), 1.3 (exon 19), 2.1 (exon 
20), 1.0 (exon 21) and 4.5 kb (exon 22) EcoRl fragments in 
control mice. Three EcoRl fragments (6, 8.1 and >20 kb) were 
identified by hybridising a RT-PCR product which spans exons 
12-15. 
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Table 1. Primers used for amplification and sequencing Pex exons 



Exon a 


Primer A 


Primer B 


bp 


°C 


3 


5'.TCTTGTCAAACAGTGTTCTGG-3' 


5'-CCAGGGAGACATTTGAGGAG-3' 


300 


60 


6 


5'-TGGAGTGAACTTATTTCTTGGG-3' 


5'-ACCAAACAGTAGCCAGACAAG-3' 


258 


60 


9 


5'-ATCCTCCCTAAAATGCTTTTGC-3' 


5'-AAAGCAGGAAAAAGTGCTGC-3' 


2000 


58 


19 


5'-GCTTGGGCTAGTTTGCTATCTC-3' 


5'-TGAGTTGGTGCTATACACGGAG-3' 


304 


62 


21 


5'-CCAAAATTGT7CTTCAGTACACC-3' 


5'-ATCTGGCAGCACACTGGTATG-3' 


258 


64 



KSenBank accession nos: U7391 1-U739I5. 

cDNA sequences corresponding to 5' and 3' Pex exons were 
shown to be deleted in Gy and Hyp mice, respectively. To 
determine the intragenic breakpoints, RT-FCR products were 
hybridised to a mouse genomic DNA panel (Fig. 3). The Gy 
breakpoint was determined to map between exons 3 and 4. The 
three HindHl fragments corresponding to exons 1-3 are deleted 
(Fig. 3a). In Hyp mice, six EcoRl fragments corresponding to 
exons 16-22 were found to be deleted (Fig. 3b). The three EcoRl 
bands that correspond to exons 12-15 were present TTius, the 
deletion breakpoint in Hyp lies between exons 15 and 16. 

The Pex deletions in Hyp and Gy mice were confirmed by 
hybridising genomic fragments containing exons 3 and 2 1 and by 
amplifying genomic DNA with intronic primers flanking exons 
3, 19and21 (Table 1 ). The 2.9 kb EcoRl-HindHI fragment from 
PI clone 703H24279 containing exon 3 is absent in Gy mice and 
no product could be amplified from Gy genomic DNA using 
intronic primers flanking that exon. In Hyp mice, the 1.3 kb 
EcoBl fragment from PI clone 703B06300 containing exon 2 1 is 
absent Furthermore, in Hyp mice, it was not possible to amplify 
exons 19 and 21 with intronic primers. 

We have mapped the spermine synthase gene distal to PEX. 
Analysis of human cosmids in this region indicates the distance 
between spermine synthase and PEX to be -40 kb. The ORF of 
the human sfjerrnine synthase gene shows the same orientation as 
PEX. The genomic organisation of the human spermine synthase 
has been determined independently (GenBank accession no. 
U5333 1 ). The homologous mouse sequence was isolated from an 
embryonic cDNA library and is highly conserved (GenBank 
accession no. Y09419). So far we have no evidence that 
sequences at the 3' end of the spermine synthase gene are deleted 
in Gy. Sequences of exon 2 and of the 3'-untranslated region 
(UTR) of the spermine synthase gene can be amplified from Gy 
genomic DNA (see Materials and Methods). 

DISCUSSION 

We have determined the cDNA sequence of the mouse homolog 
of PEX by isolating genomic clones, subcloning and sequencing 
positive fragments and performing RT-PCRs between the isolated 
exons. The PEX gene appears to be weakly or transiently 
expressed in most tissues, as shown by Northern blot results (1) 
and the rarity of clones found in cDNA libraries. We identified 
only a single cDNA clone from one million clones screened of a 
mouse spleen library. 

Determination of the genomic structure of five mouse exons 
and hybridisation of cDNA fragments of various length provide 
evidence that the genomic organisation of the mouse gene is 
comparable with the human gene, which covers in total -220 kb 
and consists of 22 exons (F. Francis, in preparation). The mouse 



PI clone, 703B06300, has an insert size of -20 kb and contains 
the exons 19-21. The mouse PI clone, 703H24279, which was 
examined most extensively, has an insert size of -70 kb and 
contains the first nine Pex exons. The corresponding human 
exons are encompassed in a genomic region of -67 kb. 

The derived Pex cDN A sequence shows a high homology to its 
human homolog (Fig. 2). This high interspecies sequence 
conservation is a known characteristic of the neutral endopepti- 
dase family (30). Both Pex and its human homolog contain only 
the 10 cysteines which are conserved throughout the endopepti- 
dase family. They lack the additional cysteine in rat ECE- 1 which 
is known to be involved in homodimerisation (31). The 
determination of the tertiary structure awaits further studies. To 
date, the three-dimensional structure of members of the M4, M10 
and Ml 2 family of metallopeptidases have been determined, but 
not that of any of the members of the neutral endopeptidase 
family (25). 

Recently, the sequence of Pex has also been determined by Du 
et ai (21), No mutation was reported in Hyp mice using a 
RT-PCR approach. However, no Southern blotting experiments 
have been performed. The cDNA sequence is identical to the one 
described here, with the exception of a silent nucleotide 
substitution at position 2235 from T to C. In the 5'-UTR we found 
three additional nucleotides at position -149, -158 and -159. 

The deletions we have identified in both the Hyp and Gy mice 
were found to be non-overlapping. While Gy bears a deletion of 
the first three exons of Pex including upstream sequences, in Hyp 
mice the last seven exons and downstream sequences of unknown 
size are deleted. Both deletions are predicted to inactivate the 
mouse gene fully. The occurrence of a deletion in Gy mice is in 
accordance with the high frequency of deletions observed in 
irradiation experiments. The observation of a deletion in the 
spontaneous Hyp mutation is mirrored by the finding of 
intragenic deletions in humans which occur at a frequency of 
-20%. According to the human genomic sequence, the distance 
between the Hyp and Gy deletion measures minimally 100 kb. 
The reported recombination between the Hyp and Gy locus (8) 
must have occurred within this region. Similarly, a translocation 
breakpoint within the human gene has been identified: a female 
with hypophosphatemic rickets has been found to have triple X 
and a balanced translocation between Xp22 and chromosome 6p. 
The breakpoint on the X chromosome is located within a 14 kb 
EcoKL fragment which contains exons 17-20 (data not shown). 

The Hyp mouse provides a mouse model for X-linked 
hypophosphatemic rickets in man. Like the mutations in man, the 
Hyp mutation leads to a non-functional protein. The Hyp 
phenotype resembles the symptoms observed in the human 
disease, which are rachitic bone disease and hypophosphatemia 
arising from impaired renal reabsorption of filtered phosphate. 
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Figure 3. Southern blot analysis of genomic DNA derived from Gy and Hyp 
mice, background strains and backcrosses. (a) Determination of the intragenic 
deletion breakpoint in Gy. Hybridiiiation of a RT-PCR product corresponding 
to human exons 1-4 to //wdlll digests of genomic DNA. The >15 kb band 
corresponding to human exon 4 is present in all lanes. The 2.7, 5.9 and 6.1 kb 
bands corresponding to human exons I, 2 and 3, respectively are absent in Gy 
mice but present in control and Hyp mice, (b) Determination of the intragenic 
deletion breakpoint in Hyp. Hybridisation of a RT-PCR product corresponding 
to human exons 12-21 to EcoRl digests of genomic DNA. The 6.5, 4.0, 1.3,2.1 
and 1 .0 kb bands corresponding to human exon 16-2 1 are absent in Hyp mice 
but present in control and Gy mice. In addition, 6, 8. 1 and >20 kb bands which 
correspond to human exons 12-15 are present in all lanes. 



In contrast to Hyp, the Gy phenotype is more complex. In 
addition to the changes in phosphate metabolism, male Gy mice 
exhibit hyperactivity, circling behavior, inner ear abnormalities 
and sterility. The prevalence of circling behavior increases with 
age. On the C57BL/6J background male Gy mice do not survive, 
whereas on the B6C3H viability is decreased compared with 
normals (20). The symptoms of the Gy phenotype could be 



explained by a contiguous gene deletion syndrome which 
involves at least one additional gene to Pex. So far, we have no 
evidence that the spermine synthase gene is deleted in Gy mice. 
Both 3' and 5' sequences can be amplified by PCR, but a gross 
rearrangement cannot be excluded. TTie existence of further genes 
in between spermine synthase and Pex also cannot be excluded. 
Interestingly, a form of non-syndromic deafness (DFN6) recently 
has been linked to Xp22 within a candidate region which 
encompasses the PEX gene (32). 

With two mouse models for hypophosphatemic rickets avail- 
able, functional studies are facilitated. Experiments that profit 
from the existence of mouse models include expression studies, 
the search for modifier genes, the testing of hypotheses regarding 
the pathophysiology of the disease and the testing of novel 
therapeutic approaches. 

MATERIALS AND METHODS 

Mice 

DNA from B6C3H a/- +/Y and A/- Gy/Y and C57BL/6J +/Y and 
Hyp/Y mice were obtained from the Jackson laboratory. 

cDNA library screening 

Approximately 1000000 clones were plated out from an 
oligo(dT) mouse spleen (Clontech ML1018a) and a mouse 
lymphocyte library (Clontech ML1032a). The libraries were 
screened by filter hybridisation using human PEX cDNAs 
C2H20, C110E and paclM21 (1) as probes. A single positive 
phage clone from the spleen library was purified by rescreening. 

A human cDNA clone containing the 3'-UTR of spermine 
synthase was isolated from a selected cDNA library (1). This 
cDNA was used to identify clones in mouse 9 day and 12 day 
embryonic cDNA libraries (B. Herrmann, unpublished). 

Identification of PI clones and subcloning 

Pis were identified by screening human PEXcDNAs CI 10E and 
P220L (1) against gridded mouse PI library filters. This PI 
library was prepared using Mbol partially digested DNA obtained 
from C57BL/6 female mice spleen (F. Francis, unpublished). The 
cloning vector was pAd 1 OsacBII and the host strain NS3 1 45 (33). 
Clones (120 000) were picked robotically into microtiter dishes, 
and arrayed at high densities on filter membranes. Hybridisations 
with human cDNA clones were performed at low stringency in a 
30% formamide hybridisation buffer at 42 D C Washes were 
performed in 3x SSC, 0. 1 % SDS for 2x 20 min at 20°C, followed 
by 2x 20 min at 65°C Pis were prepared as described (34). PI 
clones were digested with EcoRI, EcoRI-lfindni, HindHI and 
Pstl (Boehringer Mannheim) and hybridised with human PEX 
cDNAs C2H20, CI10E, C1J6 and P220L. Positive fragments 
were subcloned into Bluescript II SK +/- (Stratagene) and pUC 1 9 
(Gibco BRL) plasmid vectors and sequenced using SK and 
pUC19 primers. From this sequence, primers (Table 1) were 
designed to amplify the mouse exons. 

RT-PCR assays and 5' and 3' RACE 

For RT-PCR, poly(A) + RNA was prepared from 12.5 day mouse 
embryo (brain) and adult mice (muscle and bone) by extraction 
with guanidine isothiocyanate and polystyrene latex particles 
with covalently linked aT30 oligonucleotides (Qiagen). First 
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strand syndesis was carried out using ^-specific primers from 
me 3 and 5 end and reverse transcriptase (Pharmacia) As PCR 
template, 1-10 ng of first-strand cDNA was used for nested PCR 

iSSt?^ P™ fi,e J S L included 30 initial depuration step 
(94 Cf OT 5 min) followed by 30cyclesof 94°Cfor 1 min.60°C 
tor l mir^ 72 C for 1 min, and a final extension step (72°C for 
am P ,lfication P^uct was used for direct sequencing 

RACE were performed with the ready Marathon cDNA 
Ampuficat.on Kit from 17 day mouse embryo (Clontech). Nested 

a ^ ormtA "sing *e adaptor-specific primers API 

wtSrn^Z^ 5 ' end P rimere (A I MR: 
5 -TCGGCTGACTGAnTCTCCAG-3', E2MR1- 5'-TCCAGC 
CATCACAAGCAAACC-30. Nested 3' RACE wJpSo^d 

5 -TGAAAGGGAAGAGGACCCTG-3', Bl 1MF1 • 5'-ATTGCT 
GATAATGGGGG7OG-30. The PCRs were cani^ o^ 
tially as recommended by the manufacturer. Products were eel 
purified and sequenced. s 
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NEW PERSPECTIVES ON THE 
BIOLOGY AND TREATMENT OF 
X-LINKED HYPOPHOSPHATEMIC 

RICKETS 



Thomas O. Carpenter, MD 



NOMENCLATURE 

Initial descriptions of hypophosphatemic rickets emphasized the poor clini- 
cal response to vitamin D, rather than the distinctive finding of marked hypo- 
phosphatemia. Such early descriptions became the basis for nomenclature of the 
rachitic disorders; so the name vitamin D-resistant rickets was widely used before 
the recognition that many cases were secondary to renal phosphate wasting. 
The name, vitamin D-resistant rickets, was well -entrenched by the time a more 
physiologic description was suggested. To add to the confusion, a target organ 
form of vitamin D resistance is now well characterized and is caused by muta- 
tions in the l,25{OH) 2 D 3 receptor gene, analogous to other hormone-resistant 
states. This disorder of the l,25(OH) 2 D receptor, previously named vitamin 
D-dependent rickets, type 2 is increasingly referred to as hereditary resistance to 
vitamin D. Thus the currently preferred terminology for the hypophosphatemic 
disorder, X-linked hypophosphatemic rickets (XLH) (or in some texts, familial hypo- 
phosphatemic rickets) distinguishes the condition from true biochemical resistance 
to vitamin D and refers to the primary mineral disturbance. 

A variety of hypophosphatemic rachitic disorders exist. The more frequently 
encountered disorders are secondary to inappropriate urinary excretion of phos- 
phate. We refer to the larger group of renal phosphate wasting disorders as 
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primary hypophospfwtemic rickets, with the understanding that in children, the 
most commonly identified cause in this group is XLH. XLH is transmitted in X- 
linked dominant fashion, but other patterns of inheritance have been described. 
In most children sporadic occurrence of primary hypophosphatemic rickets is 
probably caused by spontaneous mutations in the affected gene on the X chro- 
mosome, and subsequent generations transmit the disorder in an X-linked domi- 
nant fashion. 71 Incidence has been estimated between 1 in 10,000 and 1 in 
100,000, and 1 per 20,000 population seems to be the most widely quoted figure. 74 

CLINICAL DESCRIPTION OF XLH 

Presentation and Diagnosis 

*In the absence of pertinent family history, the typical presentation of a child 
with XLH occurs in the second or third year of life. There is often an observation 
by a family member who intermittently sees the child (often grandparents) that 
the legs are bowed. The finding is often attributed to physiologic bowing of 
childhood, and the appearance of the legs is observed over the course of 6 to 12 
months. In children with rickets, there is a continued progression of bow defor- 
mity in the lower extremities that does not resolve with growth. Pediatric 
endocrinologists are often asked, "At what point is physiologic bowing of 
childhood no longer a sufficient explanation for a given child's bow-legged 
appearance?" The author recommends that progression of the bow defect over 
a : 6-month period in a child more than 18 months of age requires further 
radiographic and biochemical investigation. In cooperative children, the degree 
of bow can be ascertained by measurement of the interpopliteal distance with a 
small ruler. The child can be standing or laying prone with the ankles placed 
together. A convenient anatomic marker is the dimple of the popliteal fossa (Fig. 
1). The distance between the right and left dimples should not increase by more 
than 1.0 cm over a 6-month period in normal children. Others prefer to measure 
the space between the medial tibial condyles. 

In the absence of family history, clinical manifestations compel the diagnos- 
tic investigation. An obvious bow defect, or progression of a mild bow that is 
originally believed to represent physiologic bowing of childhood, should be 
cause for simple radiographs of the knees. Lower extremities are almost always 
more extensively involved than upper extremities in patients with XLH, and 
further radiographic examination usually is unnecessary if this diagnosis is 
made. Interestingly, this differential involvement of the long bones is not typical 
of calciopenic rickets, such as that seen with vitamin D deficiency, in which 
radiographic manifestations at the distal ulna may be pronounced. Characteristic 
rachitic deformities of the distal femur generally are present in patients with 
XLH by 1 year of age, although a considerable variation in severity is encoun- 
tered. In the sporadic case, an exhaustive search for the occurrence of small 
tumors is also important to exclude the diagnosis of oncogenic hypophos- 
phatemic osteomalacia. 

An initial biochemical investigation should include determination of serum 
calcium, serum phosphorus, and serum alkaline phosphatase activity. Care must 
be taken with respect to the interpretation of serum phosphorus values. Many 
laboratories provide an adult reference range (which is much lower for serum 
phosphorus than in children) with their reports, resulting in inappropriate 
interpretation of hypophosphatemia in children as normal. The author has not 
uncommonly encountered misdiagnoses on this basis. A low serum phosphorus 
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Figure 1. The space between the left and right popliteal dimples can be readily measured 
with a small ruler while the child is standing with the ankles touching; the interpopliteal 
distance in this normal girl is 4.5 cm. The author finds this measurement is more easily 
obtained than an intercondylar distance. 



level in combination with elevated serum alkaline phosphatase activity and 
normal serum calcium is suggestive of primary hypophosphatemic rickets. Diag- 
nosis depends on an accurate assessment of renal phosphate handling. A conve- 
nient approach is to obtain a 2-hour urine collection after a 4-hour fast for 
determination of creatinine, phosphorus, and calcium levels. Tubular reabsorp- 
tion of phosphate (TRP) is calculated from urine and simultaneous blood values 
(usually sampled at the midpoint of the timed urine collection) as follows: 

(Urine P x Serum Creatinine) 

%TRP - 1 - X 100 

(Serum P X Urine Creatinine) 

with units for phosphorus and creatinine expressed in mg/dL. The normal TRP 
in children is 85% to 100%. It is best to interpret this number in view of the 
filtered phosphate, as deduced from the serum P value. A nomogram (Fig. 2) 
can be used to determine the TMP/GFR, or renal tubular threshold maximum 
for phosphate, as expressed per glomerular filtration rate. 106 Normal values for 
TMP/GFR are age-related, approximating the normal ranges of serum phospho- 
rus for age. A low TMP/GFR in the setting of a low serum P value in this 
setting documents the inappropriate renal phosphate losses characteristic of 
primary hypophosphatemic rickets. Finally, alkaline phosphatase activity usu- 
ally is elevated in children with XLH, but usually less than the tenfold to 15- 
fold elevations often seen in patients with vitamin D deficiency or hereditary 
resistance to vitamin D. Adults with XLH may have normal serum alkaline 
phosphatase activity values despite impressive osteomalacia; thus monitoring of 
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Figure 2. Nomogram for determination of the renal tubular threshold maximum for phos- 
phate. The concentration of plasma phosphate (left axis) is plotted to intersect with the 
calculated tubular reabsorption of phosphate (TRP) (along the central diagonal), thereby 
intersecting with the renal tubular threshold maximum for phosphate (TMP) on the right 
axis {mg/dL units are represented by the exterior scales, and mmol/L units are represented 
on the interior scales of each vertical axis). {From Walton RJ, Bijvoet OL: Nomogram for 
derivation of renal threshold phosphate concentration. Lancet ii:309, © 1957 The Lancet 
Ltd.; with permission.) 



serum alkaline phosphatase is not a particularly sensitive indicator of response 
to therapy, particularly in adults. 

A secondary level of laboratory investigation is useful to confirm the diag- 
nosis. In addition to the earlier-mentioned tests, the author recommends mea- 
surement of parathyroid hormone (PTH) levels and the circulating vitamin D 
metabolites, 25-OHD and l,25(OH) 2 D, before the onset of therapy. Determination 
of iirinary calcium excretion (which can be performed on a 24-hour collection 
or a briefer timed collection if sufficient urinary volume is collected) is important 
to distinguish the disease from hypercalciuric variants. Characteristically, 25- 
OHD levels are normal, distinguishing the disorder from vitamin D deficiency, 
and circulating l,25(OH) 2 D levels are normal, but inappropriately so given the 
ambient hypophosphatemia, which normally serves to increase circulating levels 
of this metabolite. Circulating PTH levels may be normal or elevated, even 
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before the onset of therapy in XLH; however, the magnitude of elevation is 
usually less than in calciopenic forms of rickets. The development of hyperpara- 
thyroidism is a common complication of therapy and is addressed later in 
this article. 

A discussion of the clinical presentation of XLH is incomplete without 
mention of the important survey performed several years ago by Econs and 
colleagues. 32 This study revealed a remarkable lack of awareness among 234 
members of three large kindreds about the disease or their diagnostic status. 
Significant bone, joint, and back pain; dental abscesses; weakness; or hearing 
loss was present among the 57 affected individuals, but less than 25% of them 
were aware of their diagnosis, and only one was receiving any specific therapy. 



Skeletal Phenotype 

Rickets, manifest as a bow or knock-knee deformity, is the most prominent 
skeletal feature of children with XLH. Lower extremities are more severely 
affected than the arms, ribs, or pelvis, sites that are often prominently affected 
in severe forms of calciopenic rickets. Features characteristic of rickets are most 
apparent at the ends of long bones, radiographically manifest as flared metaphy- 
ses with frayed borders, which may develop a cupped configuration. The femora 
often manifest a bow defect in the anterior-posterior and lateral directions; the 
patient may assume an exaggerated lordotic posture to compensate for the 
anterior bow. As bowing progresses in later childhood, an asymmetric appear- 
ance of the growth plates may become evident (Fig. 3), such that medial and 
lateral aspects of the growth plate manifest a differing severity of the abnormal- 
ity. The asymmetry is attributed to altered weightbearing forces through the 
physis resulting from the bow. Asymmetric premature closure of the growth 
plate may occur, which can further exaggerate the bow defect, because one side 
of the extremity continues to grow, and the other side cannot. 53 With fusion, 
growth plate abnormalities per se are no longer apparent, although if deformities 




Figure 3. Radiograph of the distal femur in a child with XLH. Note the asymmetry of the 
severity of the rachitic lesion at the growth plate, with the medial physis being considerably 
wider and more frayed than the lateral physis. 
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are severe in childhood, abnormal configuration of epiphyses may persist into 
adulthood. Patients may develop pseudofractures, but this development is more 
common in the adult population. 

The characteristic microscopic finding in biopsy specimens of both trabecu- 
lar and cortical bone is osteomalacia. 5 '* 32 There is an increase in histomorphome- 
tric quantitation of unmineralized bone matrix or osteoid; however, total bone 
volume may be normal or elevated. 76 * g4 Cellularity of bone is usually reduced; 
however, in patients that manifest hyperparathyroidism, increased cellular pa- 
rameters of bone turnover (e.g., cell number or osteoblastic or osteoclastic 
surface) may be present.** 4 Dynamic histomorphometry shows a lag in mineral- 
ization time. 5,S2 ' 7 ' ,v4 

Studies of bone density in patients with XLH must be interpreted carefully 
with respect to methodology used. 4M * 7h 82 Studies using absorptiometry tech- 
niques suggest that bone mineral density of the spine is normal or increased in 
patients with XLH. 76 - 82 This finding may, in part, be related to the tendency of 
affected individuals to develop extra ossicles, osteophytes, and spinal stenosis. 
Computed tomographic determination of cortical bone density is low in patients 
with XLH, despite increased cortical area. 4 * These findings are entirely consistent 
with histologic findings of increased total bone volume, but with low mineral 
content per unit of total bone. 

Craniosynostosis may occur in childhood but is relatively uncommon. Af- 
fected children more commonly manifest a scaphocephalic configuration of the 
skull. Optic canal stenosis has been reported. 12 Chiari I malformation (inferior 
displacement of the cerebellar tonsils below the foramen magnum) has recently 
been described in 7 of 16 patients with XLH and is believed to be related to 
severe calvarial osteomalacia and thickening." A small posterior fossa results 
and may not allow sufficient intracranial space for normal positioning of the 
cerebellum. Symptomatology explained by such a defect occurred in only one 
individual in this series. It has been suggested that patients with XLH who 
develop severe headaches, nausea, or other changes of increased intracranial 
pressure be examined for this abnormality. Surgical decompression has been 
suggested if severe symptoms develop, but the outcomes of this approach are 
not clear, and such management remains controversial. 6 

Many patients develop other skeletal problems in the third and fourth 
decades of life. Vertebral abnormalities are not uncommon, with thickening of 
spinous processes, fusion, thickening of facet joints, and spinal canal stenosis. 75 
In one unfortunate man with XLH who contracted epiglottitis, routine endotra- 
cheal intubation proved impossible because extension of the neck was extremely 
limited because of skeletal changes. Calcification of tendons and ligaments is 
also a common manifestation of the disease, appearing at various ages, but is 
unrelated to therapy. 70 A recent report describes a 49-year-old woman presenting 
with diffuse enthesopathy, including bony projections of the hands and feet, 
who was found to be affected with XLH and who had no history of therapeutic 
intervention. 18 



Growth 

Significant concerns in the childhood management of XLH are short stature 
and the outcome of final height. The severity of growth impairment is variable 
but primarily relates to poor lower-extremity growth. Height outcomes of medi- 
cal intervention are discussed in the section on therapy. 
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Teeth 

Dental abscesses are frequently encountered in children and adults with 
XLH. 54 This problem is related to the abnormal structure of the teeth in patients 
with XLH. 1 Enlargement of the central pulp chambers of teeth and elongation 
of pulp horns to the point of extension to the dentoenamel junction are character- 
istic. Enlargement of the pulp chamber is associated with irregularities in inter- 
globular dentin. Phosphate content of dentin is low and dentine calcospheres 
coalesce poorly, resulting in undermineralization. Expansion of the pulp com- 
partment results in a diminished barrier to the exterior of the teeth, such that 
residua from oral fluids more readily pass through the outer enamel layer to 
the pulp, initiating abscess formation, even in the absence of caries. The occur- 
rence of one abscess in an individual with XLH suggests that more will occur. M 
Standard management via pulpectomy and root canal filling may not be success- 
ful. 72 Full crown coverage may be a helpful prophylactic measure. Other sugges- 
tions have included composite coatings; however, the use of sealants has been 
contraindicated because acid material may leak through cracks in enamel to the 
pulp chamber. Evaluation by a dentist with expertise in managing the dental 
problems characteristic of patients with XLH is recommended in all patients 
with XLH in whom a single dental abscess develops. 

Male patients have been shown to have more extensive dental disease than 
female patients, despite comparable levels of circulating phosphate. 54 - 92 This 
finding suggests that the pathophysiology of the dental disease may not reflect 
ambient phosphate concentrations but occurs because of an independent abnor- 
mality expressed in mineralizing tissue. The male-female difference in severity 
may reflect either hormonal influences on the expression of the defect in mineral- 
ized tissue, or a gene dose effect because male patients carry a single abnormal 
copy of the pertinent gene, whereas female patients, with two X chromosomes, 
are heterozygous for the defect. A positive effect of medical therapy on dental 
health has not been established. 91 



Renal Abnormalities 

The renal tubule does not appropriately reabsorb filtered phosphate, re- 
sulting in excessive urinary excretion of phosphate. Therefore, the steady state 
circulating phosphate concentrations are low. For many years, the compromised 
mineralization of bone has been attributed to this resultant hypophosphatemia. 
Renal tubular transport abnormalities generally are limited to phosphate, al- 
though a modest defect in glucose transport has been described in some families 
with the disease. 74 Renal tubular acidosis has been described as a concomitant 
renal abnormality, but this defect seems to correct with phosphate supplementa- 
tion. 57 Bicarbonaturia may occur secondary to concomitant hyperparathyroidism. 
One study suggests that renal tubular acidosis may increase the risk for nephro- 
calcinosis; however, no assessment of PTH status was performed. 90 Nephrocal- 
cinosis is discussed in detail in the section on complications. 

Abnormalities in the metabolism of vitamin D are characteristic of patients 
with XLH. The rate-limiting step in the synthesis of l,25(OH) 2 D occurs in 
renal tubular mitochondria. l,25(OH) 2 D levels are normal in patients with XLH; 
however, this finding is inappropriate in view of the low circulating-phosphate 
level. PTH or a low phosphate diet, normal stimuli for l,25(OH) 2 D production, 
results in blunted responses of circulating l,25(OH) 2 D when administered to 
individuals with XLH. 74 Other abnormalities in vitamin D metabolism, particu- 
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larly increased 24-hydroxylase activity, have been demonstrated in murine mod- 
els of XLH. W 



Parathyroid Hormone 

Albright's original report of a patient with primary hypophosphatemic 
rickets included a histologic description of hyperplastic parathyroid glands. 2 
Other investigators have recorded the occurrence of secondary and tertiary 
hyperparathyroidism in XLH in association with chronic phosphate therapy. 16 - 
3681 Histologic findings are consistent with diffuse hyperplasia of the parathyroid 
glands. Moderate elevations in circulating PTH levels also occur in untreated 
adult patients and in some patients before the onset of any therapy. 16 - 45 Eleva- 
tions in circulating PTH levels are more pronounced during nocturnal sampling. 
These findings suggest that the parathyroids in XLH have an inherent propensity 
to become hyperplastic. 24 PTH levels should be monitored carefully during 
therapy so that the development of hyperparathyroidism does not complicate 
efforts to maintain serum phosphorus levels or compromise the skeleton. 



Other Manifestations of Disease 

The cardiovascular system has been examined in patients with XLH. Early 
studies reported normal electrocardiograms and left ventricular ejection fractions 
in this group of patients 103 ; however, more recent work has demonstrated abnor- 
malities in blood pressure response to exercise and mild ventricular hypertro- 
phy. 64 The findings suggest a defect in the regulation of vascular tone, but no 
causal mechanism has been identified. 

Most children with XLH are predominantly affected by the defect in miner- 
alized tissues (skeletal and dental abnormalities, and stature). They are otherwise 
generally healthy and free of signs and symptoms of total body phosphate 
depletion. In contrast with rickets related to vitamin D insufficiency, muscle 
weakness is not common. In the author's experience, the uncommon XLH 
patient in whom muscle weakness develops is often extremely hypophos- 
phatemic (serum P levels < 1.5 mg/dL) as a consequence of hyperparathyroid- 
ism. This clinical observation suggests that intracellular phosphate pools are 
reasonably well maintained, despite the ambient hypophosphatemia. In acquired 
adulthood hypophosphatemic osteomalacia, a separate clinical entity, muscle 
weakness is more frequently encountered. 74 Osteoporosis has been described in 
yet another adult population with mild renal phosphate wasting. 49 
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RELATED HYPOPHOSPHATEMIC DISORDERS 

Poor dietary phosphorus intake has accounted for hypophosphatemic rick- 
ets in infancy, particularly in breast-fed premature infants. Increased mineral 
demands of late-trimester skeletal growth cannot be met by the relatively low 
phosphorus content of human milk. The use of breast milk fortifiers has mark- 
edly reduced the incidence of this problem; however, hypercalcemia has been a 
problem with aggressive supplementation in extremely small infants. 59 Inappro- 
priate ingestion of phosphate-binding antacid preparations, resulting in poor 
intestinal phosphorus absorption, may result in a similar syndrome. Although 
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adults have been the usual group practicing this habit, childhood cases have 
been reported recently. 6 * 

Descriptions of renal phosphate wasting and rickets occurring in association 
with activating G-protein mutations have recently appeared/ 3 presumably sig- 
nalling reduction in renal tubular phosphate transport. Acquired forms of pri- 
mary hypophosphatemic rickets have been described in African children, with 
onset between 4 and 7 years of age. 68 Affected children may demonstrate serum 
alkaline phosphatase activity in a more elevated range than that typical for 
patients with XLH. Muscle weakness was described as more prominent in these 
patients than that seen in patients with XLH. Exogenous agents toxic to the 
renal tubule (e.g., ifosfamide or heavy metals) may result in generalized renal 
tubular dysfunction or Fanconi syndrome, in which phosphate wasting may oc- 
cur. 

Other inheritance patterns of primary hypophosphatemic rickets have been 
described, including autosomal dominant and autosomal recessive forms. A 
mild form of autosomal dominant hypophosphatemia is termed hypophosphatemic 
bone disease because renal phosphate wasting occurs, but only minimal skeletal 
changes are present. 88 The disorder responds reasonably well to therapy with 
active vitamin D metabolites. In patients with autosomal recessive hereditary 
hypophosphatemic rickets with hypercalciuria (HHRH), renal tubular phosphate 
handling is impaired, but the appropriate physiologic response of the vitamin 
D la-hydroxylase to hypophosphatemia remains intact. 20 * 100 Thus circulating 
l,25(OH) 2 D levels are elevated, resulting in certain clinical features that differ 
from XLH, including increased intestinal calcium absorption, hypercalciuria, 
and osteopenic bone. The disorder responds to oral phosphate supplementation 
alone. Heterozygotes manifest absorptive hypercalciuria. 101 

A most interesting hypophosphatemic syndrome is oncogenic hypophos- 
phatemic osteomalacia (OHO), because it is strikingly similar to XLH. In patients 
with this rare condition, tumors secrete a substance or substances that impair 
renal phosphorus handling (resulting in low circulating inorganic phosphate 
[Pi] levels), alter vitamin D metabolism, and result in osteomalacia. 26 The disease 
is generally more refractory to medical therapy than XLH, and the defect in 
vitamin D metabolism is more severe, often resulting in frankly low circulating 
levels of l,25(OH) 2 D. The syndrome is cured on tumor removal. The predomi- 
nant pathologic diagnoses are small benign hemangiopericytomas and ossifying 
mesenchymal tumors. The striking parallels of oncogenic osteomalacia to XLH 
raise the possibility that a similar humoral factor is at work in both conditions. 
Recent reports have shown that a factor with Pi transport inhibitory activity 
in vitro is produced by cultured tumor cells from patients with oncogenic 
osteomalacia 83 - 107 ; the author has been able to confirm this work in his laboratory 
(patient material provided by P. Backeljauw, MD, Charlotte, NC). 
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MURINE MODELS OF XLH 

Almost 20 years ago, investigators at the Jackson Laboratories (Bar Harbor, 
ME) reported a mutant strain in mice, Hyp, which manifests rickets and osteoma- 
lacia, hypophosphatemia, and defective renal tubular reabsorption of Pi. 34 These 
characteristics are transmitted in an X-linked dominant fashion, as in XLH. So 
Hyp mice have become an extremely important tool in which to investigate the 
pathophysiology of human XLH. Initial characterization of this model centered 
on the defect in renal tubular Pi reabsorption. An abnormality in Pi transport 
can be demonstrated at the apical (brush border or luminal) membrane of 
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proximal tubular epithelium and is characterized by a decreased apparent 
in a sodium-dependent Pi transport system.* 77 Expression of a Hyp sodium- 
dependent renal phosphate transporter has been demonstrated in Xenopus oo- 
cytes 62 ; however, this transporter is not encoded on the X chromosome. 47 The 
mechanism by which the X-linked mutation results in impaired Pi conservation 
in the Hyp mouse remains uncertain. A host of other abnormalities have been 
described and are as follows: 

• Altered regulation of the vitamin D metabolic pathway occurs. Hyp mice 
demonstrate defective regulation of circulating l,25(OH) 2 D, as do humans 
affected with XLH/ 4 Hyp mice demonstrate reduced renal la-hydroxylase 
activity after calcium and vitamin D, or Pi deprivation, 17 - ^ 96 and after 
parathyroid hormone administration, 66 manipulations that normally stim- 
ulate this enzyme complex. Furthermore, 24-hydroxylation (the initial step 
in catabolism of l,25[OH] 2 D) is increased in Hyp mice and may contribute 
to the lower circulating levels in Hyp," 

• Decreased intestinal calcium and phosphate absorption occur in young 
Hyp mice, but normal absorption is present in adult Hyp mice. Decreased 
intestinal levels of the 9-kDa calcium binding protein (calbindin) accom- 
pany this finding. 10 

• Elevated rates of gluconeogenesis occur in bone cells and renal tubular 
cells in culture and in freshly isolated renal tubules from Hyp mice. 13 * 80 The 
increase in gluconeogenesis cannot be attributed to hypophosphatemia per 
se, which serves to decrease rates of gluconeogenesis. 

• Increased basal metabolic rate and increased oxygen and food consump- 
tion are found in Hyp mice when compared with normals. 102 The basis for 
these findings is unknown, although circulating thyroid hormone levels 
are normal. The percentage of cardiac output distributed to liver, bone, 
muscle, and skin is increased in Hyp mice. 

• Circulating PTH in Hyp mice has been variably reported as normal or 
elevated/* whereas hypophosphatemia, independent of changes in serum 
calcium, decreases PTH synthesis and parathyroid cell size. 44 - 63 Thus PTH 
levels in Hyp mice are inappropriate for the ambient hypophosphatemia. 

• Bone related abnormalities. 

Mineralization. Data from osteoblast cross-transplantation experiments 
confirm a role for ambient hypophosphatemia in the development of miner- 
alization abnormalities in Hyp but also suggest that a primary abnormality 
is present in the mutant osteoblast. 29-31 Pi transport is normal in isolated 
Hyp osteoblasts and fibroblasts. 28 - 79 

Osteoblastic proteins, pH. Despite normal l,25(OH) 2 D 3 binding and recep- 
tors, circulating osteocalcin is markedly increased in Hyp mice, and levels 
decrease in response to l,25(OH) 2 D 3 . 3v Hyp osteoblasts express underphos- 
phorylated osteopontin, 78 which results from nearly absent activity of a 
Golgi membrane kinase, casein kinase II. 5 Hyp osteoblasts maintain a slightly 
lower steady state pH than normals.* 0 

Thus there is considerable evidence for multiple defects in Hyp mice, and 
the predominant abnormalities have been described in kidney and bone. Gy 
mice are yet another murine model of X-linked hypophosphatemia and have 
many characteristics comparable to Hyp mice. 98 

INTRACELLULAR PHOSPHATE STATUS 

Conflicting data exist as to whether intracellular phosphate is affected 
in XLH/Hyp. Phosphorus nuclear magnetic resonance P'P-NMR) spectroscopy 
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studies demonstrate that the Pi content in extracts of kidneys from normal and 
Hyp mice are equivalent, and greater than that in normal mice deprived of 
dietary phosphorus. 9 These data have been confirmed by the author's study 
using 3I P-NMR spectroscopy to investigate Pi content of living mouse kidney in 
situ, 14 and others. 2 * In contrast, Pi content of muscle tissue in humans with XLH 
has been described as lower than normal, and enhanced with caJcitriol and 
phosphate therapy. 22 The finding of normal intracellular renal Pi content in Hyp 
mice raises problems with the hypothesis that the primary site of renal transport 
interruption in Hyp is in the brush border membrane. 



EVIDENCE FOR HUMORAL MEDIATION OF PHOSPHATE 
TRANSPORT 

The hypothesis that a circulating factor has a role in the pathophysiology 
of XLH was suggested when an individual with XLH underwent renal trans- 
plantation, yet the abnormality in renal Pi conservation persisted following the 
procedure. 61 Renal Pi wasting in normal mice following parabiotic union with 
Hyp mice has been demonstrated. 55, 56 Furthermore, cross-transplantation experi- 
ments have shown that renal Pi wasting persists in Hyp mice after their native 
kidneys are removed and replaced with a normal kidney, whereas normal mice 
transplanted with Hyp kidney do not demonstrate Pi wasting.** The possibility 
that such a circulating factor is derived from kidney is unlikely, because the 
transplanted mutant kidney fails to reproduce the syndrome in a normal mouse. 
Finally, the occurrence of OHO is an example of a humorally mediated, para- 
neoplastic form of hypophosphatemic rickets that bears striking resemblance to 
XLH. In sum, these observations support the notion that a humoral factor is 
important in the pathogenesis of the disease. 

GENETIC ADVANCES 

Early investigations fostered the speculation that the genetic defect in XLH 
directly involves a phosphate transport protein or a phosphate-regulating hu- 
moral factor. Thus the recent finding that mutations in the novel PEX (phosphate 
regulating gene with homologies to endopeptidases, on the X chromosome) gene 
were discovered in patients with XLH 42 was an interesting surprise. The PEX- 
encoded protein is a member of a larger family of endopeptidases with homol- 
ogy to the neutral endopeptidase and endothelin-1 activase, which degrade or 
activate peptide hormones. These endopeptidases are characterized by the pres- 
ence of a single membrane spanning domain and a relatively large extracellular 
region that contains a zinc-binding motif (Fig. 4). The PEX protein is expressed 
in very low abundance, and tissues of physiologic expression have not yet been 
identified in humans. A murine Pex gene is expressed in relative abundance in 
bone, but is underexpressed in bone from Hyp mice. 27 Interestingly, there does 
not seem to be a mutation in the coding region of the Pex gene in Hyp mice. 

Therefore, it seems likely that the PEX product is involved in the processing 
of a factor involved in Pi homeostasis. Mutations would result in abnormal 
processing of such a factor, thereby disrupting normal Pi homeostasis. The 
endopeptidase may act on a variety of substrates, accounting for the multiple 
defects, or alternatively the Pi regulating factor may have variable functions at 
various target sites. Furthermore, exposure to chronic hypophosphatemia may 
have a role in the expression of other defects. Variability in bone disease may 
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Figure 4. The predicted PEX gene product and homologous endopeptidases. Black regions 
represent the putative single membrane spanning domain. Gray regions depict zinc-binding 
motifs, c, Conserved cysteine residues. Amino-acid identity and similarity to the neutral 
endopeptidase (NEP), endothelin converting enzyme-1 (ECE-1), and the Kell blood group 
antigen (Kell) are noted. An amino-acid-numbering scale begins with position 1 of the 
predicted PEX sequence. (From HYP Consortium: A gene (PEX) with homologies to 
endopeptidases is mutated in patients with X-linked hypophosphatemic rickets. Nat Genet 
11:133, 1995; with permission.) 



be explained by variability in genetic background or the nature of a particular 
mutation in a given family. 



TREATMENT 

Although a varied experience is reported with medical intervention in 
patients with XLH, most investigators favor medical therapy. Despite important 
advances, treatment is not curative, and patients often manifest a variety of 
musculoskeletal symptoms, even with the best of attention. Goals of treatment 
include improvement in growth, and reduction in severity of bone disease, bow 
defects, and activity limitations. Therapy is not benign, and all physicians 
undertaking the long-term management of anyone with XLH should be aware 
of the potential complications of treatment. 



Growth 

The effect of medical treatment on height in XLH has been investigated by 
numerous investigators. On one side of the debate is the data from a retrospec- 
tive study that suggested that treatment may be more harmful than beneficial 
and that no positive outcome with respect to height occurs. 93 Most investigators 
agree, however, that a positive effect on growth occurs with standard therapy 
with calcitriol [l,25(OH) 2 D-J and phosphate salts. Earlier reports note an increase 
in height standard deviation (SD) score with use of calcitriol or la-OHD 3 . 19 - 73 A 
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randomized, long-term prospective trial of the effects of a standardized regimen 
on final adult height has not been performed, but lessons from available studies 
are pertinent. Verge and colleagues 104 demonstrated an efficacious response to 
therapy when compared with historical controls. In this study, girls tended to 
be better growers than boys. Balsan and Tieder 7 have confirmed the importance 
of la-hydroxylated vitamin D metabolites with respect to height outcomes. A 
retrospective study by Seikaly and colleagues'* 9 suggested that vitamin D metab- 
olites alone (without supplemental phosphate) may enhance growth. Other 
studies point out the large degree of variability in response to therapy. Petersen 
and colleagues 67 described good and poor growers in their study, and in 
agreement with Verge and colleagues/ 04 a larger percentage of girls were in the 
good responder group. Friedman and colleagues 37 described variable responses 
to treatment in the North Carolina population, with outcomes highly dependent 
on height percentile at onset of therapy. Such findings suggest that early years 
of this disease are important in the genesis of the stature deformity. Others have 
argued that the degree of final height impairment is, in part, related to the 
severity of disease throughout childhood. 41 Most descriptions of early interven- 
tion strongly suggest that medical therapy in the first 2 years of life results in 
improved outcomes. 60 - 86 ' 87 



Bone Disease 

As with growth effects, bone lesions seem to best respond to phosphate 
and la-hydroxylated vitamin D metabolites. 3 *- *°- 73 Interestingly, a characteristic 
halo lesion around osteocytes does not improve with therapy, which may reflect 
an intrinsic defect of this cell type. 21 The author's experience is in agreement 
with the widely held, but undocumented opinion, that fewer osteotomies have 
been performed for severe bone disease since the availability of calcitriol. 



Recommendations for Medical Management of XLH 

Age at Onset 

The author finds that early treatment is likely to result in better outcomes. 
Therefore, early diagnosis is important. Candidate children in affected families 
should be screened for abnormal serum and urine phosphorus levels and serum 
alkaline phosphatase activity within the first month of life and at 3 and 6 months 
of life. Any result suggestive of XLH should be followed by radiographic 
examination. If these features are at all suggestive of rickets, the author begins 
therapy with calcitriol (Rocaltrol) and phosphate. 

Initial Doses 

Starting doses for an infant in the first 2 years of life are generally, for 
calcitriol, 0.25 jig once or twice daily, with 250 to 375 mg of elemental phospho- 
rus provided in 2 to 3 divided dosages. In early infancy, the contents of a 
calcitriol capsule can be extracted using a 1-mL syringe and an 18-gauge needle. 
The oil-based liquid can be administered to the child in formula or directly into 
the child's mouth from the syringe after removal of the needle. By 18 months of 
age, parents can usually supervise swallowing the entire capsule. Phosphate 
preparations used later in childhood are not convenient in infancy. We use 
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Phospha-Soda (Fleet's) solution, which contains 127 mg of elemental phosphorus 
per mL. An older child may use Neutra-Phos or Neutra-Phos K powder (250 
mg elemental phosphorus per packet or capsule) dissolved into water, drinking 
the solution at intervals through the day. When the child is old enough to chew 
or swallow a tablet the author prefers K-Phos Neutral, which contains 250 mg 
of elemental phosphorus per tablet. 

Monitoring 

Approximately 2 weeks after the onset of therapy, serum calcium and PTH 
levels, and urinary calcium and creatinine excretion should be assessed. It is 
important to maintain normal levels of serum calcium concentration and urinary 
calcium excretion, without engendering hyperparathyroidism. In small children, 
sampling should be repeated every 3 months. During stable growth periods, 
without dose changes or complications, frequency of visits may be reduced to 
every 4 to 6 months. After 1 year of therapy, and every 2 to 3 years thereafter, 
a renal sonogram should be performed to assess the development of nephrocal- 
cinosis. After cessation of growth, or long-term stability of the appearance 
of the, kidneys, frequency of ultrasonographic examination can be decreased. 
Throughout childhood, radiographs of the knees should be performed every 1 
to 2 years to assess the need for medication adjustments. 

Adjustments in Dosage 

The dosage range in XLH patients at Yale-New Haven Hospital is wide, 
dependent on severity of the rickets, response to therapy, and complications 
encountered. An important principle of therapy is to maintain an appropriate 
balance in the use of the two types of medication. Marked overuse of calcitriol 
results in hypercalcemia and hypercalciuria, whereas unopposed phosphate 
increases may result in secondary hyperparathyroidism. Thus increases in dos- 
age to improve healing, when no side effects are evident, should consist of a 
balanced increase in both calcitriol and phosphate. Minimal increments in dos- 
ages of each agent are prescribed and follow-up laboratory investigation should 
be performed within 1 month of the change in dose. It is advised to closely 
monitor patients beginning just before an anticipated pubertal growth spurt 
The rapid growth occurring with puberty may result in considerable worsening 
of bowing defects, and a transient increase in medical therapy may be advanta- 
geous. The author resumes monitoring patients at 4-month intervals through 
puberty until cessation of growth. 

In the author's hands, calcitriol is used in later childhood at dosages averag- 
ing 0.75 u,g per day, and rarely exceeding 1.5 p.g per day. In the author's 
population, 10 to 50 ng/kg/d of calcitriol is the usual bodyweight normalized 
dosage; however, because the responses to therapy are so variable, we do not 
place much value in the ascertainment of dose for a given individual by body 
weight. In fact, most patients are on the lower end of the range (10-25 ng/kg/ 
d) except for transient increases during puberty. In the event of suboptimal 
healing of the epiphyseal lesions seen on radiographs of the legs, the dose of 
calcitriol is increased, usually in conjunction with an increase in phosphate. 
Elevated PTH values, without hypercalcemia or hypercalciuria, calls for an 
increase in calcitriol alone. In the event of hypercalciuria or hypercalcemia with 
normal PTH values, borderline vitamin D intoxication may be present, indicating 
the need for a decrease in calcitriol dose, or if severe, temporary cessation of all 
therapy. After the end of the growth spurt, and achievement of final height 
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dosages may be lowered to an adult maintenance dose. Adults in the author's 
; clinic are prescribed an average of 0.75 fig of calcitriol daily. 

Dosages of elemental phosphorus average 1 g/d and rarely exceed 2 g/d. 
Diarrhea, bloody stools, or persistent dose-related abdominal pain indicate a 
need for reassessment of schedule of administration, and a probable reduction 
in total phosphate dose. The development of secondary hyperparathyroidism is 
an indication to alter the calcitriol/phosphate balance by decreasing phosphate 
or increasing the calcitriol dosage. In the event of a poor skeletal response, an 
increase in the dose of phosphate with a concomitant increase in calcitriol 
dosage is called for. Given the diurnal fluctuation in serum phosphorus levels, 
variability in kinetics of phosphate absorption, and the baseline hypophos- 
phatemia in fasting patients with XLH, the author has not found it helpful to 
use serum phosphorus as an indicator of phosphorus demands. In fact, the 
presence of a decreasing serum phosphorus may incorrectly prompt an increase 
in phosphate dosage, when the underlying reason for the decreasing serum 
phosphate value is advancing hyperparathyroidism. The resultant increase in 
phosphate administration only worsens the hyperparathyroidism, and no im- 
provement in serum phosphorus is likely. The author recommends administra- 
tion of phosphate at three to four conveniently spaced intervals throughout the 
day. It is not necessary to awaken the child to provide medication through the 
night, as the diurnal rise in serum phosphorus occurs at night in patients with 
XLH, independent of therapy. 16 Although some decrement in serum alkaline 
phosphatase activity usually occurs with therapy, this value rarely normalizes 
until adult age and is not a particularly good marker of disease even at that 
time. Therefore, although alkaline phosphatase activity may be of interest to 
periodically monitor, it is not always a sensitive indicator of therapeutic re- 
sponse. 



Complications 

Three major complications of therapy for XLH are: (1) hypervitaminosis D; 
(2) hyperparathyroidism; and (3) soft-tissue calcification, particularly in kidney. 
Significant clinical consequences of these complications can be avoided if pa- 
tients undergoing therapy are carefully monitored. Indeed, treatment can be 
viewed as a compromise: to effectively achieve mineralization of the growth 
plate, the mineral load to the patient has to be increased. Yet this mineral load 
must not be so excessive as to result in significant soft-tissue calcification or 
derangement of parathyroid hormone function. 



Hypervitaminosis D 

Hypervitaminosis D is manifest by hypercalcemia and hypercalciuria. Its 
occurrence was more frequent with the use of high doses of fat-soluble vitamin 
D and infrequent monitoring of serum and urine biochemistries. la-Hydroxyl- 
ated vitamin D metabolites are more polar, are not stored in fat, and escape 
from toxic effects are more rapid than with native vitamin D. Although death 
from unrecognized vitamin D intoxication has occurred with this disease, it is 
much less common today than before the availability of la-hydroxylated vitamin 
D metabolites. 
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Hyperparathyroidism 

Hyperparathyroidism is not an uncommon occurrence in XLH; therefore, 
circulating PTH must be routinely monitored in individuals with the disease! 
particularly if receiving therapy. The stimulatory effect of P treatment on PTH 
secretion has been well-described in XLH» ltw ; phosphate supplementation 
should never be given as single therapy in the condition. Concomitant use of 
calcitriol dampens this PTH stimulatory effect of phosphate and should be part 
of the treatment regimen. Elevations in circulating PTH are more likely to be 
detected at night. 16 

Soft-tissue Calcification 

Soft-tissue calcification, particularly at the level of the renal medullary 
pyramids (nephrocalcinosis), can be detected by ultrasonograms of the kidney. 
It has been suggested that this phenomenon is closely associated with the 
amount of phosphate salt the patient ingests. 103 Patients with XLH cared for at 
this institution demonstrate the finding within 3 to 4 years of beginning therapy. 
Poorly compliant patients have been less likely to develop the abnormality, 
suggesting a relationship to therapeutic intervention, as reported by Taylor and 
colleagues. 95 Most patients at this institution reach a modest grade of calcifica- 
tion, with limited progression to more severe stages. Occasionally, a slight 
decrease in severity occurs with time. This experience is similar to that of Kooh 
and colleagues, 46 who have reported 80% incidence of nephrocalcinosis in their 
patients with XLH and have seen no associated sequelae in patients with nephro- 
calcinosis present for up to 15 years. A decrease in glomerular filtration rate, 
however, was reported in one patient with hypertension and nephrocalcinosis. 105 
The pathogenesis of the lesion is not clearly understood; some have suggested 
that increased urinary oxylate may occur with phosphate loading and that 
calcium oxylate precipitation is enhanced. 77 Others have shown that the lesions 
consist of calcium phosphate and can be reproduced in the Hyp mouse by 
administration of phosphate. 4 In addition, increased PTH levels may predispose 
the tissue to calcification. Other related problems reported in patients with XLH 
include calcification of the entheses, which is not thought to be treatment- 
dependent; ocular calcifications 12 ; and myocardial and aortic valve calcifica- 
tions. 59 



Surgery 

Despite the advantages of medical therapy, some patients require surgical 
correction of a severe bow defect. The approach to surgery for XLH is physician 
dependent, but several points have been made in the literature. General recom- 
mendations for osteotomy in childhood suggest that the bow be so severe that 
irreversible progression of the bow defect is unavoidable with continued growth, 
even with medical therapy. 25 Others recommend that children fewer than 6 
years of age do not undergo this procedure because bow defects at this age or 
less are usually not severe, and aggressive medical therapy may correct the 
deformity over time. 84 It has been the author's experience that healing of the 
osteotomy in young children may be prolonged. Surgical procedures vary: 
fixation with plating and stapling have been performed, and more recently 
external fixation devices have been used. 43 One report emphasizes that, in adults, 
fixation by intramedullary nail or rod placement achieves optimal results.* 5 An 
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orthopedic surgeon with experience in procedures in children with XLH should 
be consulted before any intervention. Medical expertise through the course of 
surgical intervention is important. Medication dosages may require adjustment 
because of immobilization-associated hypercalcemia following osteotomy, but 
optimal medication schedules should be maintained to facilitate healing of the 
osteotomy. Recently, leg-lengthening procedures have been attempted in a few 
patients with XLH. 104 

Other Therapeutic Measures 

Diuretics 

Thiazide diuretics or amiloride has been suggested as adjunctive therapy in 
patients with XLH. 3 The goal of this measure is to increase renal calcium 
reabsorption and to enhance mineralization. The long-term effects of this mea- 
sure have not been reported. 

Human Growth Hormone 

Human growth hormone in combination with standard therapy has resulted 
in improved circulating phosphate concentrations and height velocity in a short- 
term study 108 and a 3-year study in which a very short (Z-score = -3.4), 
predominantly male subject group was compared with a predominantly female 
control group with more typical short stature (Z-score = -2,1). HS The latter 
study suggests that very short populations may benefit from adjunctive growth 
hormone therapy. 

Vitamin D Analogues 

Nonhypercalcemic vitamin D analogues have been considered as adjunctive 
therapy in patients with XLH to maximize skeletal effects and suppress the 
development of hyperparathyroidism. The recent study from the author's insti- 
tution using 24,25(OH) 2 D 3 in combination with standard therapy showed skeletal 
improvement and parathyroid suppressive effects. 15 Studies examining this me- 
tabolite as a specific therapy for secondary hyperparathyroidism in patients with 
XLH are being performed. 

SUMMARY: HYPOTHETICAL MODEL OF DISEASE 

The recently established findings that should be recognized in a mechanistic 
explanation of pathophysiology in XLH/ Hyp include the following: 

• Human and murine studies suggest that a humoral factor mediates the 
defect in renal phosphate transport. Many tumors that produce such a 
factor are of primitive mesenchymal origin and are not infrequently found 
in bone. 

• The disease of mineralized tissues (bones and teeth) seem to be indepen- 
dent of disease expression at the kidney (as reflected by circulating phos- 
phate levels). Mineralized tissues may reflect a gene dose effect, which 
does not seem to be present in kidney. 

• Production of l,25(OH) 2 D is not appropriate for the ambient hypophos- 
phatemia. 
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• The mutated gene in XLH seems to encode an endopeptidase, and al- 
though expressed abundantly in murine bone relative to other tissues, it 
is underexpressed in Hyp mice. 

• Renal intracellular P is probably normal, which may mask the hypophos- 
phatemia stimulus to renal l,25(OH) 2 D production. 

A unifying hypothesis that incorporates these findings is as follows- A 
putative Pi-regulating substance may be secreted by bone cells (as in OHO 
tumors). The author postulates that in normal steady state times of Pi sufficiency 
ehcitation of such a factor may preserve intracellular Pi at the proximal renal 
5 v^?,M C ?i' memb, ; ane Pi transport and lct-hydroxylation of vitamin 

D would therefore be normally maintained. During Pi insuffidency, a decrease 
in the factor would decrease intracellular Pi, thereby mediating an increase in 
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luminal membrane transport of Pi and la-hydroxylation of vitamin D. Unregu- 
lated persistence of such a factor during brief Pi deprivation would disrupt 
appropriate renal Pi conservation and generation of l,25(OH) 2 D, the precise 
renal defects seen in XUi/Hyp. 

The author suggests that the synthesis, processing, or secretion of this 
putative humoral factor is rendered abnormal in XLH by mutations in the PEX 
gene, such that normal regulation of the Pi homeostatic system is disrupted. 
Further levels of complexity may exist: the renal-active factor may act directly 
on bone cells in an autocrine or paracrine fashion, or inappropriate regulation 
of intracellular Pi at the parathyroid cell may occur, resulting in the tendency to 
hypersecretion of PTH. Such a system would provide a mechanism by which 
skeletal mineral demands can be regulated at the renal level. Although this 
would be of physiologic service to the organism, no such system has been 
clearly established. This speculative hypothesis is summarized in Figure 5. 
Finally, others have suggested that a humoral factor interacts with receptors on 
the luminal membrane of renal tubular cells, increasing protein kinase C activity, 
which in turn results in the described renal tubular defects. 74 
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Two mouse mutations gyro (Gy) and hypo- 
phosphatemia (Hyp) are mouse models for X-linked 
hypophosphatemia rickets and have been shown to be 
deleted for the 5' and 3' end of the mouse homolog of 
PHEX ( osphate regulating gene with homologies to 
ndopeptidases on the chromosome; formerly called 
PEX), respectively. In addition to the metabolic disorder 
observed in Hyp mice, male Gy mice are sterile and 
show circling behavior and reduced viability. The 
human SMS (spermine synthase) gene maps -39 kb 
upstream of PHEX and is transcribed in the same 
direction. To elucidate the complex phenotype of Gy 
mice, we characterized the genomic region upstream of 
Phex. By establishing the genomic structure of mouse 
Sms, a 160-190 kb deletion was shown in Gy mice, 
which includes both Phex and Sms. There are several 
pseudogenes of SMS/ Sms in man and mouse. Northern 
analysis revealed three different Sms transcripts which 
are absent in Gy mice. Measurement of polyamine 
levels revealed a marked decrease in spermine in liver 
and pancreas of affected male Gy mice. Analysis of 
brain tissue revealed no gross or histological ab- 
normalities. Gy provides a mouse model for a defect in 
the polyamine pathway, which is known to play a key 
role in cell proliferation. 

INTRODUCTION 

Gy (1 ) and Hyp (2) mice constitute mouse models for X-linked 
dominant hypophosphatemia rickets and are caused by mutations 
in the Phex gene (formerly called Pex) (3-5). In accordance with 
the phenotype observed in humans, both mouse mutants have 
renal phosphate wasting, impaired mineralization and growth 
retardation ( I ). Affected Gy males and some affected female 
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animals also show inner ear abnormalities, deafness, hyper- 
activity and circling behavior (1,6,7). Male Gy mice are also 
sterile (8), are smaller than their normal sibs from birth onwards 
and weigh less than Hyp males (I). The Gy mouse is bred on the 
B6C3H background and the Hyp mouse is bred on the C57BIV6J 
background. Interestingly, male Gy mice do not survive on the 
C57B1V6J background (9) and have a reduced viability from 
birth, with sudden death occurring in adults on the B6C3H 
background ( 1 ). 

The Gy deletion extends upstream of the 5'-untranslated region 
(5'-UTR) of Phex (5). It seemed likely that the additional 
symptoms in Gy mice are caused by a contiguous gene deletion 
syndrome which includes at least one additional gene to Phex. We 
have mapped the human SMS gene distal to PHEX (formerly 
called PEX), and have shown that both genes have the same 
orientation (5). The genomic organization of the region 
containing SMS and PHEX has been reported (10) (GenBank 
accession nos: U5333 1 , U72789, U72790, U73024 and Y10196). 
Human SMS is therefore known to be 39 kb upstream of PHEX, 

Sms constitutes an attractive candidate gene for the additional 
symptoms in Gy mice because polyamines are required for 
normal growth and differentiation. The polyamines spermidine 
and putrescine are found ubiquitously in prokaryotic and 
eukaryotic cells whereas spermine is rarely found in prokaryotes 
but is widespread in eukaryotes (for review, see refs (11-14)]. 
Synthesis and degradation of polyamines are tightly regulated 
(15). Putrescine is synthesised from 1-ornithine by ornithine 
decarboxylase, the rate-limiting enzyme in polyamine synthesis. 
Putrescine and decarboxylated S-adenosylmethionine are 
substrates for the synthesis of spermidine, which is converted to 
spermine by spermine synthase (16) (Fig. 1). Polyamines are 
organic polycations which interact with a variety of intracellular 
targets including nucleic acids, phospholipids and proteins. 
Putrescine and spermidine are known to play specific roles in the 
maturation of the eukaryotic translation initiation factor eIF-5A 
(17). Furthermore, specific interactions of spermine and 
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spermidine with certain potassium channels and glutamate 
receptors have been reported ( 1 8-20). 

The homologous mouse sequence of SMS has been isolated 
from an embryonic cDNA library, and preliminary analysis gave 
no evidence that sequences at the 3' end are deleted in Gy mice 
(5). We have now determined the genomic organization of the 
mouse Sms gene and show that SMS/Sms has several 
pseudogenes. The Sms gene is deleted in Gy mice, providing the 
first mouse model for a defect in the polyamine pathway. 

RESULTS 



SMS/Sms pseudogenes 

Screening a mouse PI library with Sms cDNA revealed five 
different clones (703K15175, 703K23169 703DO7320 
1? f^ 1 ? 0 ft 70 , 3CI4122 >- PCR with primers from exon 2 
(SpSyF3) and the 3'-UTR (SpSyRl) using PI DNA as template 
revealed discrete products of -1400 bp, suggesting the presence 
of pseudogenes which have arisen by integration of reverse- 
transcribed RNA. The PCR products were sequenced and all of 
them showed deletions and insertions causing frameshifts 
Southern blot analysis of EcoRl digests of genomic mouse DNA 
showed various bands between 1 and 14 kb. The absence of 
dosage differences between male and female genomic DNA on 
Southern blots suggests the existence of several autosomal 
pseudogenes in humans (data not shown). 

Sms is deleted in Gy mice 

In order to characterize the distal deletion breakpoint in Gy mice 
we then isolated a mouse bacterial artificial chromosome (BAC) 
clone, 308A23, by PCR screening using primers from the 5'-UTR 
of Phex. Restriction enzyme digestion of 308A23 gave a size of 



-150 kb. Hybridization of various Phex and Sms RT-PCR 
products to the BAC DNA showed the presence of the entire Sms 
gene and of exon 1 of the Phex gene. Intron-exon boundaries of 
^o* e ^, 0nS WCre de,ennined b y Preparing a shotgun library of 
-SU8A23 and sequencing clones which hybridized with the mouse 
Sms cDNA (5). The BAC ends were determined by direct 
sequencing and by sequencing of products generated by 
vector-Alu PCR. In addition, a 1.5 kb Hindlll SP6 end fragment 
was subcloned and sequenced. The T7 end lies on the same 4 3 kb 
BamUl end fragment as the exon 1 of Phex. Partial restriction 
mapping indicated that the BAC clone extends from intron 1 of 
the Phex gene to -56 kb upstream of the first exon of the Sms gene 
(Fig. 2). 6 

SMS/Sms is highly conserved between man and mouse The 
open reading frame (ORF) comprises 1101 nucleotides The 
mouse gene shows 91% identity at the DNA level and 96% 
identity on the protein level to the human gene. The mouse gene 
comprises 1 1 exons showing the same exon-intron structure as 
the human homolog (GenBank accession no. U5333 1). 

PCR amplification from Gy genomic DNA with intronic 
primers of the 5'-UTR, exons 2, 4, 7 and 10 revealed a deletion 
of the entire Sms gene. The T7 end of the BAC clone was shown 
to be deleted while the 1.5 kb HindUl SP6 end fragment was 
present, which was confirmed by sequencing the PCR products 
and hybridization to HindUl digest of genomic Gy DNA 
Hybridization of the 1.5 kb HindUl fragment to genomic mouse 
EcoRl Southern blots revealed an -6.5 kb junction fragment in Gy 
mice, instead of an 11 kb genomic EcoRl fragment in control 
mice (Fig. 3). Furthermore, a 2.5 kb EcoRl fragment, which lies 
-34 kb distal to exon 1 of the Sms gene, was subcloned and 
sequenced. PCR amplification with primers from this sequence 
showed that the deletion in Gy extends up to this EcoRl fragment 
Thus, the distal deletion breakpoint of the Gy deletion lies -50 kb 
distal to exon 1 of the Sms gene. 



Sms expression 

S r^f T?^ S ° f CDNA Cl0nes isolated from a mou! * embryonic 
cDNA library revealed two variant transcripts, with exons 3 and 
4 absent or present. Poly(A) + RNA from normal mouse embryos 
and from adult Gy mice and controls was subjected to northern 
analysis using Sms cDNAs as probes. A northern blot (Clontech) 
containing RNA from total mouse embryos of day 7 11 15 and 
17 was hybridized with a full-length mouse cDNA probe and 
separately with a probe of exons 3 and 4. In both cases, three 
transcripts of 2, 3 and 4 kb were detected (Fig 4A) The 3 kb 
transcript produced only a weak signal. The highest expression 
could be detected on embryonic day 1 1 . 

RNA was extracted from male B6C3H Gy tissue. RNA from 
male unaffected littermates was used as control. Spleen expressed 
the 2 and 3 kb transcripts, brain expressed the 2 and 4 kb 
U-anscripts. Even exposure of the blot to autoradiograph film for 
2 weeks gave no evidence of a 4 kb transcript in spleen tissue and 
a 3 kb transenpt in brain tissue. In Gy mice, no Sms expression 
could be detected in brain or spleen tissues (Fig. 4B). The same 
data were obtained using probes comprising exons 2-1 1 as well 
as exons 9-11. Thus, none of the transcripts detected on northern 
blots are caused by processed pseudogenes or Sms homoloes 
because all three are absent in Gy mice. 
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Figure 2. Genomic organization of the SMS/Sms and of PHEX/Phex genes. In the top line, the genomic organization of the human genes is drawn to scale. The genomic 
distances are derived from the sequence of this region. In the second line, the genomic organization of the syntenic region in mice is shown. The regions of the mouse 
genes, which are covered by genomic clones, are indicated by black boxes. Exon 1 of the Phex gene lies on the 4.3 kb BamWX end fragment of BAC 308A23. Exon 
1 of the Sms gene lies -56 kb downstream of the SP6 end of BAC 308 A23. Below, the deletion in Gy mice is shown, comprising 160-190 kb. The dotted line indicates 
the deleted region, black boxes indicate the region present in Gy and the hatched boxes indicate the regions which bear the deletion breakpoints. Hybridization of the 
1.5 kb HindUl SP6 end fragment to genomic mouse EcoRl Southern blots revealed an -6.5 kb junction fragment in Gy mice, instead of an 11 kb genomic EcoRl 
fragment in control mice. The proximal deletion breakpoint lies within intron 3 of the Phex gene. The BAC clone 308A23 was partially restriction mapped. The bottom 
line shows the restriction map from the SP6 end up to exon 1 of the Stm gene (X, Xho\\ N, Nrul: K, Ksp\\ S, Sail). 



Table I. Tissue concentrations of polyamtnes in 12-day-old male Gy mice 
(1,2), control Huermates (3-5), male Hyp mice (6,7) and control littermates 
(8,9) 



No. Mouse Putrescine 

Liver Pancreas 



Spermidine 
Liver Pancreas 



Spermine 

Liver Pancreas 



1 


Gy/Y 


0.063 


0.253 


1.77 


4.26 


n.d. 


0.030 


2 


Gy/Y 


0.194 


0.083 


2.55 


422 


n.d. 


0.015 


3 


+/Y 


0.111 


0.193 


1.87 


3.42 


0.165 


0.342 


4 


+/Y 


0.098 


0.237 


2.53 


3.42 


0.378 


0.329 


5 


+/Y 


0.094 


0.273 


1.44 


3.62 


0.204 


0.392 


6 


Hyp/Y 


0.054 


0.098 


1.54 


4.14 


0.602 


0.364 


7 


Hyp/Y 


0141 


0.272 


1.81 


2.98 


0.379 


0.314 


8 


+/Y 


0.039 


0.122 


1.76 


5.81 


0.549 


0.439 


9 


+/Y 


0.104 


0.299 


1.72 


3.20 


0.355 


0.370 



n.d, = not detectable. 

The concentrations of putrescine, spermidine and spermine are given in umol/g 
fresh weight. 



Polyamine levels 

Polyamine levels were measured by reversed phase HPLC after 
pre-column derivatization with benzoyl chloride, in liver and 
pancreas of 12-day-old male affected Gy mice (n = 2), male 
control littermates (n = 3), male affected Hyp mice (n = 2) and 
control littermates (n = 2). In male affected Gy mice, the spermine 
levels were clearly decreased in pancreas and below the detection 
limit in liver. The putrescine and spermidine levels were not 
different between Gy, control and Hyp mice. Male affected Hyp 
mice showed normal spermine levels when compared with 
control male littermates (Table 1). 

Histology 

On day 12, autopsy was performed in two affected male Gy mice. 
At this time, the body weight of male Gy mice (4.5 and 4.8 g) was 
less than in control littermates (6.0, 6.0 and 7.3 g). Examination Of 
brain tissues in male Gy mice showed no gross or histological 
abnormalities. Analysis of 12 serial sections of the mes- and 
metencephalon revealed a normal architectural organization of the 
cerebellar cortex and cochlear nucleus and gave no evidence for a 
decreased number of granule cells, which have been reported in 
rats and hamsters treated postnatally with the inhibitor of 
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Figure 3. Southern blot of Hindlll and £o>Rl digests of mouse genomic DNA. 
Hybridization with the 1.5 kb HinAlU SP6 end fragment of BAC 308A23 
revealed an -6.5 kb junction fragment in Gy mice, instead of an 1 1 kb genomic 
EcoRl fragment in control mice. 
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Figure 4. (A) A mouse embryo northern blot (Clontcch) was hybridized with 
a full-length Sms cDNA probe (exposure: 4 days) and rehybridized with p-actin 
cDNA as control (exposure 1 day). (B) Sms RNA expression in male B6C3H 
Gy mice and unaffected male littermates. 2 Ug of poly<A) + RNA from adult 
spleen, brain and 1 2.5 day total embryo was clcctrophoresed in a formalde- 
hyde-agarose gel, transferred to a nylon membrane and hybridized with an Sms 
cDNA probe comprising exons 2-11 (exposure: 2 days). The same filter was 
rehybridized with a GAPDH cDNA probe to control for RNA loading 
(exposure: 12 h). 



L-omithine decarboxylase, DL-a-difluoromemyloniithine (DFMO) 
(Fig. 5). At autopsy, aside from rickets, no other gross or histological 
abnormalities were observed. In particular, a histological examin- 



ation of the heart, thymus, kidney, liver and spleen revealed no 
obvious abnormalities. Testes have not yet been examined in this 
study. 

DISCUSSION 

Gy and Hyp are mouse models for X-linked dominant hypo- 
phosphatemic rickets bearing deletions of the Phex gene. The 
disease shows a similar phenotype in man and mouse. In both 
species, low serum phosphate levels are caused by a defect of the 
proximal tubular phosphate reabsorption, causing rickets and 
osteomalacia. In spite of low phosphate levels, serum vitamin D 
levels are not elevated but are in the normal range. The phenotype 
in females is as severe as in males. Male Gy mice, however, show 
additional symptoms (1): they have a reduced viability whereas 
affected men and male Hyp mice have a normal viability. Male Gy 
mice are smaller from birth onwards, whereas in man and in Hyp 
mice birth weight is normal and short stature is acquired during 
postnatal life. Male Gy mice are sterile whereas male Hyp mice 
are fertile and have only been reported to possibly have a reduced 
fertility (1). Apart from these clearly distinguishable symptoms, 
there may be some overlap concerning the circling behavior. Gy 
males and some affected females show circling behavior, and this 
has also been observed occasionally in Hyp mice on the B6C3H 
background (9). Gy mice are bred on the B6C3H, Hyp mice on 
the C57BL/6J background. Nevertheless, the differences in 
viability, birth weight and sterility of Hyp and Gy mice do not 
seem to be related to modifier gene effects: when Gy mice are 
transferred to the C57BL/6J background, affected males do not 
survive (9). The Gy phenotype suggests that, apart from 
hypophosphatemia, an X-linked recessive trait is inherited in this 
mouse model. 

We show that, in addition to Phex, the Sms gene is deleted in Gy 
mice. The BAC clone 308A23 covers -150 kb and contains the 
entire Sms gene. It extends from intron 1 of the Pte-gene to -56 
kb upstream of the first exon of the Sms gene. We have 
determined a partial genomic sequence of the mouse Sms gene, 
showing that the genomic organization of the mouse gene is 
comparable with the human gene. Comparison with the human 
genomic sequence gave no evidence of further genes in between 
PHEX and SMS genes (U53331, U72789, U72790, U73024 and 
Y10196) and 30 kb upstream of the first exon of SMS (U73023 
and U72787) (10). Thus, the additional symptoms in Gy seem to 
be caused by the deletion of the Sms gene. 

Northern blot analysis of Sms shows three transcripts of -2, 3 
and 4 kb. All three transcripts are absent in Gy mice, which 
excludes the possibility that they are due to transcribed pseudo- 
genes or homologs of Sms. During embryogenesis, Sms express- 
ion seems to be highest at day 1 1 , suggesting a role for this 
enzyme in development. In adult mice, tissue-dependent express- 
ion was observed: the 4 and 3 kb transcripts are not expressed in 
spleen and brain, respectively. So far, we do not know whether the 
different transcripts are caused by alternative splicing or the use 
of alternative polyadcnylation signals. A large number of Sms 
expressed sequence tags (ESTs) found in dbEST all seem to 
suggest the use of an unusual polyadenylation signal, ATTAAA, 
situated 4 1 0 bp downstream of the stop codon. This polyadcnyla- 
tion signal is conserved in human and mouse gene sequences, and 
predicts a 1 .6 kb transcript size. However, a 2 kb transcript has 
also been reported in human northern blot experiments (16), and 
the differences between predicted and observed sizes are still 
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unclear. In humans, a second polyadenylation signal is predicted 

by GRAIL (23) to lie 809 bp downstream of the stop codon, but 

only a single truncated EST is present in dbEST which fits this 

site. It is known that spermine tissue levels differ markedly in 

different cells; they are high in prostate and seminal plasma, and 

low in brain and muscle (24). The presence of multiple transcripts 

and tissue-specific transcriptions patterns may contribute to the 

tissue-specific regulation of spermine levels, 
Polyamine metabolism has been studied using inhibitors both 

in vivo and in vitro. Treatment with the highly selective, 

irreversible inhibitor of 1-ornithine decarboxylase, DFMO, has 
revealed that the rate-limiting enzyme of polyamine synthesis has 
an essential role in mammalian cmbryogenesis. DFMO treatment 
arrests early stages of mammalian embryogenesis (25). When the 
dose or duration of treatment with DFMO is reduced, organ- 
specific growth deficits become apparent, affecting especially 
developing brain tissue (for review, see rcf. 26). DFMO treatment 
causes near total depletion of putrescine and a marked decline in 
spermidine levels, but leaves spermine levels unaltered. This is a 
different pattern from that observed in Gy mice. There, putrescine 
and spermidine levels are not altered at day 12; only spermine 
levels are markedly decreased in pancreas and not detectable in 
liver. Since all mammalian cells are able to import polyamines 
(27), spermine levels in Gy mice may be less altered during 



embryogenesis. During postnatal life, further changes in poly- 
amine levels may occur. 

Despite the differences in polyamine levels, there are some 
similarities in the clinical symptoms between Gy mice and 
DMFO-treated animals. Hearing impairment (6,7) has been 
reported in Gy mice and this was also found in DFMO-treated 
guinea pigs (28). Male Gy mice are small at birth, have a reduced 
viability on the B6C3H background and do not survive on the 
C57BL/6J background. No gross or histological abnormalities of 
brain tissue were detected at day 1 2. Particularly, no alteration of 
the morphology of the cerebellum and the dorsal cochlear nucleus 
was detected, which has been reported in DFMO-treated rats (26) 
and hamsters (29), respectively. Spermine deficiency may cause 
more subtle alterations such as changes in channel activity of 
certain potassium and glutamate receptors in heart or brain 
(18-20) or changes of the regulation of mitochondrial Ca 2+ 
transport (30). 

Recently, spermine synthase inhibitors have become available 
(31 ,32). So far, they have only been tested in vitro. Cell culture 
experiments have shown that the spermine content can be reduced 
profoundly and cell growth can be decreased in human breast 
cancer cells (33) and mouse leukemia cells (34). However, there 
have been no obvious effects on growth and viability in rat 
hepatoma cells (32). The Gy deletion provides a mouse model for 
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spermine synthase deficiency without the disadvantages of 
inhibitors such as unspecitlcity and toxicity. This mode] will 
allow the investigation of spermine deficiency and may help to 
unravel some of the mysteries of spermine function. 

MATERIALS AND METHODS 

Genomic clones 

Pis were isolated by screening gridded mouse PI library filters. 
This PI library was prepared using Mbol partially digested DNA 
obtained from C57BL/6 female mice spleen (R Francis, unpub- 
lished). The cloning vector was pAdlOsacBII and the host strain 
NS3I45 (21). Primers SpSyF3 (GTG AGG CCA TTC TGA 
A AG GC) and SpSyR 1 (CTA AGT C A A TIT GGG GGT GAG) 
were used to amplify the pseudogenes from PI clones. 

The BAC clone, 308 A23, was isolated by PCR screening B AC 
DNA pools with primers from the 5'-UTR of Phex (P IMF 1 * GCT 
TGA GC A AAA AGC CTG CC; PI MR 1 : ACC AGG GTG CCA 
CCA ATA AAC) (Research Genetics Inc.). 

cDNA libraries 

A human cDNA clone containing the 3'-UTR of SMS was used 
to identify clones in mouse 9 day and 12 day embryonic libraries 
(B. Herrmann, unpublished). 

Exon-intron structure of mouse Sms 

A shotgun library of BAC 308A23 was constructed by ligation of 
sonicated BAC DNA to blunt-ended linearized plasmid DNA 
(pUC18). A total of 800 clones were gridded on filters and 
hybridized with the mouse Sms cDNA. Inserts of positive clones 
were amplified by PCR and sequenced from both sides using ABI 
dye primer chemistry. The following primers were used to amplify 
the S'-UTR and exons 2, 4, 7 and 1 0: 5'-UTR, SSM5UTRF (GGA 
GAG GCA CAG CAA TCC ATA C) and SSM5UTRR (GCC 
TCG CTA ATG GTG GAA TCG); exon 2, SSM2F (TCT TIT 
TCCTAA TCG CCT TCC C) and SSM2R (CCA TGA GAT CAA 
CTT ACC TGC C); exon 4, SSM4F (GAC TAT GAT TTG GGC 
AGC AC) and SSM4R (CAT ATC TTC AGC AGA CAT TAA GV 
exon 7, SSM7F (CTT TAT GAT CCT CAG ATG GC) and SSM7R 
OTA AAA GTA TGC TAC CAA GGG); exon 10, SSM10F 
(GAA TCC GCT AAA TTG CAT GGT G) and SSM10R (AGA 
TGC TCT GAA AAC GTA GCA Q. 

BAC ends 



BAC ends were generated by direct sequencing of the BAC DNA 
and by sequencing of PCR products amplified with vector 
(T7/SP6) and Alu primers (CL1, TCC CAA AGT GCT GGG 
ATT ACA G; CL2, CTG CAC TCC AGC CTG GG). The 
following primers were used to amplify the BAC ends from 
genomic DNA: BACSP6F2 (CTG AAA AGT GCC ATT AAG 
GTG) and BACSP6R2 (GAA AGG GTC TTG CTA TGT GG)* 
1.5 Hinalll SP6 end fragment, SP6F3 (GCT AGA CCT TGG 
TTG AAT GGA) and BACH15R (ACC TGA AAA GGT CTG 
TGC CTT); BACT7F (CCC TIT CTT TAC TGT CTG CCC) 
and BACT7R (GGT TTT CAG GTC CCA CCT CAG) 



Sequencing 

PCR-amplified products and genomic fragments cloned into 
plasmid vectors were purified by gel extraction and plasmid 
preparation kits (Qiagen). Cycle sequencing was performed using 
a Taq DyeDeoxy Terminator Cycle sequencing Kit (ABI). The 
sequences were determined with an Applied Biosystems 377 
automated sequencer. 

Northern blots 

The mouse embryo northern blot was obtained from Clontech and 
hybridized according to the manufacturer's instructions. Total 
RNA from Gy mice was prepared using TRIzol reagent 
(GIBCO/BRL). Poly(A) + RNA was then isolated from total RNA 
using an Oligotex mRNA mini kit (Qiagen). About 2 \ig of 
poly(A) + RNA from each sample was electrophoresed on a 1% 
formaldehyde-agarose gel and transferred to Hybond-N nylon 
membranes (Amersham). The filters were then hybridized with 
■^P-labeled probes. 

Polyamine measurement 

Polyamines were determined by reversed phase HPLC after 
pre-column derivatization with benzoyl chloride (22). Dissected 
organs were snap-frozen in liquid nitrogen and pulverized in a 
microdismembranator. Diaminohexane (40 nmol) was added as 
internal standard and protein was precipitated with 0.2 M 
perchloric acid. After neutralization with 4 M KOH, polyamines 
were derivatized with benzoyl chloride, extracted with diethyl 
ether and dissolved in methanol: water (60:40 v/v). HPLC 
separation was performed on a Waters [iBondapak C 18 column 
(3.9x300 mm) with methanol: water (60:40 v/v) at a flow rate of 
1 ml/min. The UV signal was monitored at 254 nm. Determina- 
tion of polyamines displayed linearity over the whole range of 
tissue polyamine concentrations and was documented up to 5 
nmol per 20 ul injection. Recovery of the internal standard ranged 
between 52 and 99%. Recovery of external standards after 
measurement of derivatized samples was 100-107%. 

Animals 

Hyp and Gy mice were obtained from the Jackson Laboratory. Gy 
mice are on the B6C3H background. Normal male mice (Y/+) 
were bred with heterozygous female mice (Cy/+). Hyp mice are 
on the inbred C57BL/6J background. Normal male mice (Y/+) 
were bred with heterozygous female mice (Hyp/+). The genotype 
of the male littermates was determined by PCR amplification of 
Phex exons 3, 19 and 2 L 

Histology 

To carry out histological studies, the samples were embedded in 
paraffin. Sections of 6 [xm were prepared and stained with HE 
according to standard procedures. 
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S1.001 

The locus for a novel form of neuronal intestinal 
pseudoobstruction maps to Xq28 

Casari Giorgio'; Auricchio A'.* (presenting); Brancolini v>;Milla PJ« Smilh W« 
Devoto M 1 ; BallabioA 1 , 5 . ' 
'Tekthon Institute of Genetics and Medicine. (Tigem), San Ra/feefe Biomedical 
Science Park, Via Okjettina 58, 20132 Milan, 'Department of Pediatrics Tederico 
I Unrversity ViaPansini5. 80131 Naples, 'Department of Psychiatry Columbia 
Universe New York, New York 10032, USA. 'Gastrenterohgy Unit, Hospital for 
Sick Children. Great Ormond St., London England, 'Department of Molecular 
Biology, University of Siena, Italy. 

Primary chronic idiopathic intestinal pseudoobstruction (CUP ) due to neuronal 
defects most commonly results from developmental failure of enteric neurons to 
correctly migrate or differentiate. This leads to clinical syndromes with varying 
ana tom<>pathological features characterized by symptoms and signs of bowel 
obs ruction caused by an intestinal motility disorder, in the absence of a mechanical 
obstacle. Most of these conditions are congenital and some are inherited A 
condition charactenzed by intestinal pseudoobstruction with morphological 
abnormalities of the argyrophil neurons in the myenteric plexus, associated with 

if •™^n',^ r0tati0n and P*' 0 * hypertrophy has been previously 
desenbed (OMIM 243180). We have studied a family affected by this condition in 
which the disease apppeared to segregate as an X-linked recessive trait. In order to 
map the CUP locus in this family, we have performed linkage analysis in 26 family 
members using highly-polymorphic microsatellite markers from the X chromosome 
One of these markers, DXYS154, located in the distal part of Xq28 shows no 
recombination with a maximum lod score of 2.32. Multipoint analysis excluded 
linkage with markers spanning other regions of the chromosome Our results 
integrated with flic i current genetic and physical map of Xq28 determine the order of 
loo , as cen-DXS15-(CIIPX)-DXS1108/DXYS154-tel . This study establishes for the 
first tone the mapping assignment of a neuropathic form of CUP other than 
Hirschsprung disease. 



S1.002 

♦Linkage analysis to the oc2 laminin locus on chromosome 
6q2 in merosin-deficient congenital muscular dystrophy 

Naom, Isamt; O'Alessandro, M'; Topaloglu, H>, Sewry, C<; Helbing-Lecierc A' 
Guicheney, P^; Dubowitz, V; Muntoni, F'. 

'Department of Paediatrics, Neuromuscular Unit, Hammersmith Hospital London 

t h, £™',?f ? 9 ** fc Neumlogy ' Mk **»* a * M ' Hos P'<a Ankara' 
Turkey; 'INSERM U153, Hopital Pitie-Salpetriere, Paris, France. 

Approximately 50% of children wilh the classical form of congenital muscular 
dystrophy (CMD) show a deficiency of one component of merosin (o2 laminin) in 
their skeletal muscle. This observation was followed by a significant advance in the 
understanding of CMD and establishment of the responsible gene location to a 
16cM region on chromosome 6q2. We have investigated the location of the a2 
tem.nin locus on chromosome 6q2 using both linkage analysis in informative 
families and homozygousity mapping in consanguineous families A total of 26 
rnerosin-defioent CMD families (9 of which were consanguineous) were typed with 
13 highly polymorphic microsatellite markers spanning an area of 17cM on 



SSTV^J*? feSUl,S 0b,3ined in a " ,he informa,ive fam fe (includina 
fam,l,es wrth part,al merosin deficiency) were compatible with l,n£ to 

Sb7n°r f 6q2 , HOm f OZy90USi,y mappinS in ^SMneous families tnd ,h° 
recombinants found in informative families suggest that the actual location of the a2 
laminin gene ,s more centromeric than previously thought. In particular various 
recombinant events suggest that the locus is more centromeric than the D6S457 
marker. Finally, linkage analysis was used in three cases of prenatal diagnosis in 

Sents^ ' MU,a,i0n analyS ' S ° f ' he 32 bm ' nin 9ene ' S pr ° 9ress in ,hese 

, ,-, KETtiRN thte loan to: 
S1.003 mB ■ 30 *^ ..Op^wfi^.OB^o-ysA 

Identification of second autosomal locus predisposing to 
multiple deletions of mitochondrial DNA 

Kaukonen. Jyrki' Amati, P» Suomalainen A\ Rolig A>, Piscaglia MG«, Salvi R 

Weissenbach J«, Fratta G', Comi G-.Peltonen V andZeviani W 

National ftA/fc Health Instil, Dept of Hum. Mol. Genet, Helsinki, Finland > 

J, iHTTJ' Mit " Cart0 Diviston of Biochemistry and Genetics 
Milan. Italy* INSERM U393, Hopital Necker-Enfants Malades Paris FrlnZ' 
D,ws»n of Neurology, Public Hospital, Rimini, Half, Hospital Bellaria, Division of 
Neurohgy Bologna. Italy, Genethon, Evry, France* Division of Neurology CSS- 
IRCCS, San Giovanni Rotondo, Foggia, Half, Institute of Clinical Neurology 
University of Milano, Italy*. y,i 

Mendelian traits leading to either qualitative or quantitative abnormalities of mtDNA 
are likely due to mutations in genes controlling the nudear-mitochondrial cross-talk 
IrU' 1 t ° a l utosomal <*"ni"ant progressive external ophthalmoplegia 
assorted w, h multple mtDNA deletions (adPEO). has recently been identified on 
?^?Zk l^u 3 ter9e Rnnish family ( s "°malain e n el al. Nature Genet. 9 
212. H 7 ever ' no linka 9 e with to* 10q locus was demonstrated in two 
Italian adPEO families, indicating heterogeneity. We applied random mapping 
approach i to informal non-10q-linked Italian families to assign the second locus 

SfL?" 06 T?* bi0pSy Spe ° imens were not available from "symptomatic 
sub,ects and true affection status could thus not be verified, the linkage calculations 
were earned out as affected only ana^rses. We have now assigned the second 

nS? U \ ° f o ^ 14 cM fe 9 ion be,ween ma «™ D3S1581 and 
D3S1600 to chromosome 3p 14.1-21.2 in three Italian families. A maximum two- 
point toe I score obtamed was 4.62 at 0 0.0 with marker D3S1300. However three 
adPEO families showed clear exclusion for this same region and statistical evidence 
for heterogeneity was obtained by the HOMOG program. These data indicate the 
existence of at least three adPEO loci. Assignment of the third adPEO locus is 
currently in progress. 



S1.004 

*The mouse homolog of PEX is deleted in Gy mice 

Strom Tim M-; Francis, F'; Econs, MJ>; Lorenz, B'; Meindl, A^ Rowe PSN« 
0 Riordan, JLH«; Oudet, C '; Drezner, MK J ; Lehrach, H »• Meitinger T ' 
'Abt. Padiatnsche Genetik. Kinderpoliklinik. LMU Miinchen, Goethestr 29 80336 
MOnchen. Germany iMPI for Molekulare Genetik, 14195 Berlin Germany 
'Department of Medicine, Duke University, Durham. USA 'University College 
London, Middlesex Hospital, London, UK 'IGBMC, lltkirch, France 

A gene mutated in patients with X-linked hypophosphatemic rickets has been 
deserted recently by the HYP consortium. The gene named PEX was identified bv 
a positional cloning effort in Xp22.1 and is predicted to encode a protein with 
homology to a family of endopeptidases including neutral endopeptidase (CALLA) 
endothelm converting enzyme (ECE-1) and Kell antigen. Gy mice (gyro) show 
hypophosphatemia, rickets and a characteristic circling behaviour. The locus is 
known to map to a region of the mouse X chromosome syntenic to the human PEX 
tocus. An intragenic deletion was detected in the murine homolog using the human 
cDNA as a " hybridisation probe. A cDNA clone was obtained by screeninq a 
mouse spleen cDNA library. Sequences obtained so far show a 90% identity on 
protem level to the human homolog. The Gy mouse represents a model for the 
human disease hypophosphatemic rickets. Mutation analysis of Gy in a second 
hypophosphatemic mouse strain (Hyp) is currently being performed 
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BONE MINERAL DENSITY IN PATIENTS WITH GROWTH 
HORMONE DEFICIENCY AT TIME OF FINAL HEIGHT. 
G Sagg ese. G.L Baroncefli, S. Barsanti, A- Ro&si, C. Ccccardli. 
Endocrine Unit, Dept. of Pediatrics, University of Pisa, Pisa, Italy, 

Growth hormone (GH) is involved in the build-up and probably also 
in the maintenance of bone mass. The effect of GH treatment on 
bone mineral density (BMD) was examined in 1 1 patients (7 M, 4 F) 
with idiopathic GH deficiency (GHD) aged from 16.0 to 18.7 yr 
(17.3±0.9 yr, mean±SD) at time they reached their final height 
(group A), and in 17 subjects with famib'a) short stature aged from 
16.4 to 19.8 yr (9 M, ]8.5±E>,8 yr; 8 F 17.2±0.6 yr) as controls 
(group B). In the past patients of group A had received 
discontinuous treatment with pituitary-derived human (hGH) for 
43,6+9.0 mo; subsequently, they had continuously received 
recombinant hGH for 107.3±4.5 mo (prepubertal period 0.6 
W/kg/weeWy, sc; pubertal period 0.9 lU/kg/weekry, sc). Total 
duration of GH treatment was 151.5 ±9.7 mo. OrT-treatment period 
was 4.7+2.6 mo. In all subjects of group A and B lumbar BMDarea 
(L2 - U by DEXA, Lunar DPX-L) and lumbar BMD corrected for 
the estimated vertebral volume (BMDvohnne) by using the formula of 
Kroger ct al. (Bone Miner 1992; 17; 75) were measured. In patients 
of group A, lumbar BMDarea and lumbar BMDvolurae were 
significantly reduced in comparison with subjects of group B (-1.2 ± 
0.4 z score and -1.0 ± 0.4 z score, p < 0.01 and p < 0.03, 
respectively). The results show that children with GHD may have 
reduced BMP at time of final height. Inappropriate treatment was 
likely a main cause of reduced BMD. These findings suggest an 
important role of GH therapy in the attainment of peak bone mass in 
children with GHD. 
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Depts. of Pediatrics, Vlrchow-Klinikum, Humboldl-Urth/ers&y 
Berlin, 2 Medical University of Luback, 'Kirtderhospital Osnabruck, 
"Kinderkronkanhaus auf der Buft, Hannover, Germany. 
THE HEREDITARY SYNDROME OF HYPOPHOSPHATEMIA RICKETS 
AND HYPERCALCIUR1A (HHRH): POSSIBLE DIAGNOSTIC PITFALLS 
AND CLINICAL FOLLOW-UP. 

HHRH is a form Of hypophosphatemia rickets characterized by 
decreased serum phosphate, reduced TmP/GFR and normoealce- 
mia but In contrast to the x-llnked hypophOfiphatemia (XLH) (here 
is an appropriate increase or calcilriol (1 T 25(OH) 2 p3)- 
concerrtratlons. This causes elevated calcium absorption, 
parathyroid (PTH) sup-pression and hypercalciurta. We report 3 
patients (2f, 1m) presented at a mean age of 6 years with the 
following clinical features: skeletal deformities (2/3), x-ray signs of 
rickets (2/3) and short stature (2/3). The biochemical findings 
hypophosphatemia (0.7S-1.2, normal 1 4 3-1.9mmol/l) l redueed 
TmP/GFR (ZQ-3.1 mg/dl), normal serum calcium and Z$- 
hydroxyvftamin D and low PTH-levels (2.4-4.5. normal 16-55 pg/ml) 
resulted In the diagnosis XLH. Treatment with calcftriol and 
phosphale was started In 2 or 3 patients. Hypercalciuria (254-895, 
normal<183 ug/mg Cr) and signs of nephrocaiclnosis questioned 
the diagnosis XLH. After stopping therapy the determinations of 
1,25(OH) 2 D 3 (83-270, normal pgyrn*) and urinary calcium 

excretion (292-630 ug/mg CO then confirmed the diagnosis HHRH. 
With oral phosphale therapy alone (50-110 mg/kgxd) an Increase 
of serum phosphate, a fall in plasma I.ZSCOHfeC^ and urinary 
calcium excretion and healing of the rickets was achieved. After 
catch-up growth (he patients grow now In the lower normal range. 
Conclusion: In the diagnostic work-up of hypophosphatemie rickets 
the determinations of urinary calcium excretion and plasma 
1.25<OH) 2 D 3 have to be included In order not to miss the diagnosis 
of HHRH. 



HYPOPHOSPHATEMIC RICKETS: MUTATION SCREENING IN 
THE PEX GENE AND CLONING OF THE MOUSE HOMOLOG . 
T-frj. S trnmi. F- Francis 2 , B. Lorcnz 1 , A. Boeddrich*, M. Cagnoli 3 , 
KJL Mohnikc 3 , H. Lehrach 3 , T. Meitinger 1 and the HYP Consortium, 
■AbL Padiairische Gcnerik, Kinderpoliklinik LMU, MfJnchen; 2 MPI 
flir Molekulare Gcnctik, Berlin; 4 Zentrum fur Kindcrbeilkunde, 
Magdeburg; Germany 

A gene mutated in patients with X^linkcd hypophosphatemie rickets 
has been described recently by the HYP consortium 1 . The gene named 
PEX was identified by a positional cloning effort and is predicted to 
encode a protein which belongs to the neutral endopeptidase family of 
zinc mcudloproteinases including neutral endopeptidase, endothdin 
converting enzyme 1 and Kelt antigen. 

The gene spans a genomic region of about 300 kb in Xp22.1 and 
contains more than 22 small exons. Mutation screening by SSCP was 
performed for 1 1 exons in 26 X-linkcd famlies and 15 sporadic cases 
so far. 9 mutations have been detected. In addition, an intragenic 
breakpoint has been detected in a hypophosphatemie patient with a 
balanced translocation between chromosome X and 6. 
In an attempt to characterise a mouse model for this disease, we have 
obtained mouse sequences homologous to the human PEX e ene - Tw ° 
moose models for hypophosphatemia have been extensively described, 
the Hyp and Gy mouse. Both loci axe known to map to a region of the 
mouse A chromosome syntonic to the human PEX locus. In Gy mice, 
a deletion has been detected by hybridisation of a human PEX cDNA 
probe. Screening of cDNA and PI libraries in order to clone the mouse 
nomolog of PEX is under way. Sequences obtained so far show a 90 
% identity on the DNA level and a 97 % identity on the protein level to 
the human gene. Recovering of the full sequence should allow to 
screen for the mutation in the Hyp mouse and to search for the site of 
expression. 

1. The HYP Consortium: Nature Genet 1 1, 130-136 (1995). 
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RELATIVE OSTEOPENIA FOLLOWING TREATMENT FOR CHILDHOOD 
ACUTE LYMPHOBLASTIC LEUKAEMIA. 
J.T. Warner, W.D. Evans, F.DJ. Dunstan, D.KJL Webb, J.W. Gregory, 
Departments of Child Health, Medial Physics and Medical Statistics, University 
Of Wales College of Medicine and LlandOugh Hospital NHS Trust, Cardiff; U.K. 

Introduction: Osteopenia as a result of growth hormone deficiency (GHD) 
fallowing Cranial radiotherapy (CRT) is now recognised. Low dose CRT, 18-24 
Gy is not often associated with frank GHD yet subtle changes in pulsaiility have 
been described. The aim of this study was lo compare bone mineralisation in long 
terra survivors of childhood acute lymphoblastic leukaemia (ALL), treated with 
chemolherapy and low dose CRT, with both survivors of other malignancies 
(OM), who had received chemotherapy alone, and wilh healthy sibling controls. 
PdtienU and methods: Bone mineral content (BMC, grams) and bone area (BA. 
cm 2 ) of the whole body (WB). lumbar spine (LS) and left hip were measured by 
dual energy X-ray absorptiometry in 34 (13 male) survivors of ALL (7.2-18.2 
yrs), 20 (10 male) OM survivors (7.3-1S.4 yrs), and 30 (16 male) healthy siblings 
(7.6-17.3 yrs). Bone mineral density (BMD) at each site was calculated from 
BMC/BAP where p is the power Coefficient derived from regressing BMC on BA 
in coatrolB after conversion to natural logs (i=^).99. 0.95 and 0.95 for WB, LS 
and hip respectively). A predicted BMD was derived from controls based on 
height and pubertal stage for LS and hip, wilh addition of age and gender for the 
WB, The measured BMD was expressed as a percentage of predicted (%BMD). 
Results; Survivors of ALL and OM had completed treatment 6.4(2.6-12.8] and 
6.7(1.5-11.8) mean t range] years respectively. Mean %BMD [SD] are given in 
the table. 21% of survivors of ALL had a %BMD of less than -1.0 SD for all sites 
compared with 5% of the OM group and 3% of controls, 

WB LS Hip 



SiU 



100.0 [4,0] 
91.0 p 



100,0 [5\?I 
913. [7^)f*t 

?fi.B iia.6it_ 



100.0 
*8.8 ( 10,71 A" 
93.4 |t 1.3U 



(0p£0.0 1 cf. f><0.05 cf. OM. T p-0.0fl tf. OM, J NS cf. ribt) 

Conclusion: Children treated for ALL have a significantly reduced BMD at all 
j sites compared to healthy siblings. Reduction in BMD in OM wa* 1X01 significam 
1 except for WB. these findings suggest tfiat CRT (perhaps as a consequence of 

subtle abnormalities of GH release) and to a lesser extent chemolherapy (possibly 
I as a result o r corticoste roid therapy* p redispose to Iftnfl term osteopenia. _ 
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